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GLASS CERAMIC ARTICLES HAVING
IMPROVED PROPERTIES AND METHODS
FOR MAKING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 16/510,850, filed on Jul. 12, 2019; which
claims priority to U.S. Provisional Application No. 62/698,
532, filed on Jul. 16, 2018; U.S. Provisional Application No.
62/736,682, filed on Sep. 26, 2018; U.S. Provisional Appli-
cation No. 62/698,563, filed on Jul. 16, 2018; U.S. Provi-
sional Application No. 62/749,815, filed on Oct. 24, 2018;
U.S. Provisional Application No. 62/698,582, filed on Jul.
16, 2018; U.S. Provisional Application No. 62/749,808, filed
on Oct. 24, 2018; U.S. Provisional Application No. 62/698,
595, filed on Jul. 16, 2018; U.S. Provisional Application No.
62/749,800, filed on Oct. 24, 2018; U.S. Provisional Appli-
cation No. 62/698,623, filed on Jul. 16, 2018; and U.S.
Provisional Application No. 62/769,253, filed on Nov. 19,
2018. The entirety of each of these applications is incorpo-
rated herein by reference.

BACKGROUND

Field

The present specification generally relates to glass
ceramic articles, and particularly relates to glass ceramic
articles having improved properties, such as low warp, low
stress, low have, high transparency, high fracture toughness,
and high hardness.

Technical Background

There is a demand for high strength glass for portable
electronic devices. Several materials are currently being
utilized on the market such as glass, zirconia, plastic, metal,
and glass ceramics.

Glass ceramics have certain advantages over other mate-
rials, but it can be difficult to form a glass ceramic having the
properties required for a high strength portable device.
Accordingly, a need exists for glass ceramic articles have
improved properties and methods for making the glass
ceramic articles.

SUMMARY

A first aspect includes glass ceramic article comprising: a
lithium disilicate crystalline phase; a petalite crystalline
phased; and a residual glass phase, wherein the glass
ceramic article comprises: a warp (um)<(3.65x10~°/umx
diagonal®) where diagonal is a diagonal measurement of the
glass ceramic article in um; a stress of less than 30 nm of
retardation per mm of glass ceramic article thickness; a haze
(%)<0.0994t+0.12 where t is the thickness of the glass
ceramic article in mm; and an optical transmission
(%)>0.91x10C7%939 of electromagnetic radiation wave-
lengths from 450 nm to 800 nm, where t is the thickness of
the glass ceramic article in mm.

A second aspect includes the glass ceramic article of the
first aspect, wherein the glass ceramic article has a fracture
toughness in a range from 1.0 MPavm to 2.0 MPavm.

A third aspect includes the glass ceramic article of any of
the preceding aspects, wherein the glass ceramic article has
a hardness measured by a Vickers indenter at a 200 gram
load of greater than 680 kgf.
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A fourth aspect includes the glass ceramic article of any
of the preceding aspects, wherein the glass ceramic article is
strengthened and has compressive stress greater than 175
MPa.

A fifth aspect includes the glass ceramic article of the
fourth aspect, wherein the glass ceramic article has a central
tension greater than or equal to 80 MPa.

A sixth aspect includes the glass ceramic article of the
fourth or fifth aspect, wherein the glass ceramic article has
a depth of compression of 0*t to 0.3*t, where t is thickness
of the glass ceramic article.

A seventh aspect includes the glass ceramic article of any
of the preceding aspects, wherein the glass ceramic article
comprises greater than 20 wt % of the lithium disilicate
crystalline phase.

An eighth aspect includes the glass ceramic article of any
of the preceding aspects, wherein the glass ceramic article
comprises greater than 20 wt % of the petalite crystalline
phase.

A ninth aspect includes the glass ceramic article of any of
the preceding aspects, wherein the glass ceramic article
comprises from 5 wt % to 30 wt % of the residual glass
phase.

A tenth aspect includes the glass ceramic article of any of
the preceding aspects, wherein the glass ceramic article
comprises a warp measured on 156 mmx76 mm glass
articles of less than 100 um.

An eleventh aspect includes the glass ceramic article of
any of the preceding aspects, wherein the glass ceramic
article comprises a stress of less than 25 nm of retardation
per mm of glass ceramic article thickness.

A twelfth aspect includes the glass ceramic article of any
of the preceding aspects, wherein the glass ceramic article
comprises a haze measured at 0.8 mm thickness of less than
0.20.

A thirteenth aspect includes the glass ceramic article of
any of the preceding aspects, wherein the glass ceramic
article comprises an optical transmission of electromagnetic
radiation wavelengths from 450 nm to 800 nm measured at
0.8 mm thickness of greater than 85%.

A fourteenth aspect includes the glass ceramic article of
any of the preceding aspects, wherein the glass ceramic
article has a thickness from 0.3 mm and 1.0 mm.

A fifteenth aspect includes the glass ceramic article of any
of the preceding aspects, wherein the glass ceramic article
comprises a lithium phosphate crystalline phase.

A sixteenth aspect includes an electronic device compris-
ing a transparent surface, the transparent surface comprising
a glass ceramic article having a thickness of from 0.3 mm to
1.0 mm, the glass ceramic article comprises: a lithium
disilicate crystalline phase; a petalite crystalline phased; and
a residual glass phase, wherein the glass ceramic article
comprises: a warp (um)<(3.65x10~°/umxdiagonal®) where
diagonal is a diagonal measurement of the glass ceramic
article in um; a stress of less than 30 nm of retardation per
mm of glass ceramic article thickness; a haze (%)<0.0994t+
0.12 where t is the thickness of the glass ceramic article in
mm; and an optical transmission (%)>0.91x10(2-0.03t) of
electromagnetic radiation wavelengths from 450 nm to 800
nm, where t is the thickness of the glass ceramic article in
mm.

A seventeenth aspect includes the electronic device of the
sixteenth aspect, wherein the glass ceramic article has a
fracture toughness in a range from 1.0 MPavm to 2.0
MPavm.

An eighteenth aspect includes the electronic device of any
one of the sixteenth or seventeenth aspects, wherein the
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glass ceramic article has a hardness measured by a Vickers
indenter at a 200 gram load of greater than 680 kgf.

A nineteenth aspect includes the electronic device of any
one of the sixteenth to eighteenth aspects, wherein the glass
ceramic article is strengthened and has compressive stress
greater than 175 MPa.

A twentieth aspect includes the electronic device of the
nineteenth aspect, wherein the glass ceramic article has a
central tension greater than or equal to 80 MPa.

A twenty first aspect includes the electronic device of any
one of the nineteenth or twentieth aspects, wherein the glass
ceramic article has a depth of compression of 0%t to 0.3%¢,
where t is thickness of the glass ceramic article.

A twenty second aspect includes the electronic device of
any one of the sixteenth to twenty first aspects, wherein the
glass ceramic article comprises greater than 20 wt % of the
lithium disilicate crystalline phase.

Atwenty third aspect includes the electronic device of any
one of the sixteenth to twenty second aspects, wherein the
glass ceramic article comprises greater than 20 wt % of the
petalite crystalline phase.

A twenty fourth aspect includes the electronic device of
any one of the sixteenth to twenty third aspects, wherein the
glass ceramic article comprises from 5 wt % to 30 wt % of
the residual glass phase.

A twenty fifth aspect includes the electronic device of any
one of the sixteenth to twenty fourth aspects, wherein the
glass ceramic article comprises a warp measured on 156
mmx76 mm sheets of less than 100 pm.

A twenty sixth aspect includes the electronic device of
any one of the sixteenth to twenty fifth aspects, wherein the
glass ceramic article comprises a stress of less than 25 nm
of retardation per mm of sheet thickness.

A twenty seventh aspect includes the electronic device of
any one of the sixteenth to twenty sixth aspects, wherein the
glass ceramic article comprises a haze measured at 0.8 mm
thickness of less than 0.20.

A twenty eighth aspect includes the electronic device of
any one of the sixteenth to twenty seventh aspects, wherein
the glass ceramic article comprises an optical transmission
of electromagnetic radiation wavelengths from 450 nm to
800 nm measured at 0.8 mm thickness of greater than 85%.

A twenty ninth aspect includes the electronic device of
any one of the sixteenth to twenty eighth aspects, wherein
the glass ceramic article has a thickness from 0.3 mm and
1.0 mm.

A thirtieth aspect includes a method for ceramming a
glass article to a glass-ceramic comprising: placing a glass
article into a heating apparatus; heating the glass article to a
first hold temperature at a first predetermined heating rate;
holding the glass article at the first hold temperature for a
first predetermined duration, wherein viscosity of the glass
article is maintained within log of viscosityx1.0 poise of a
target viscosity during the first predetermined duration;
heating the glass article from the first hold temperature to a
second hold temperature at a second predetermined heating
rate; holding the glass article at the second hold temperature
for a second duration, wherein density of the glass article is
monitored from the heating of the glass article from the first
hold temperature through the second duration; and ending
the second duration when an absolute value of a density rate
of change of the glass article is less than or equal to 0.10
(g/cm?)/min.

A thirty first aspect includes the method of the thirtieth
aspect, wherein ending the second duration occurs when the
absolute value of the density rate of change of the glass
article is 0.00 (g/cm3)/min.
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A thirty second aspect includes the method of the thirty
first aspect, wherein during the first predetermined duration,
the viscosity of the glass article is maintained within log of
viscosity+0.1 poise of the target viscosity.

A thirty third aspect includes the method of any one of the
thirty first or thirty second aspects, wherein a viscosity of the
glass article is maintained within log of viscosity=1.0 poise
of' the target viscosity during at least a portion of the heating
the glass article from the first hold temperature to a second
hold temperature.

A thirty fourth aspect includes the method of any one of
the thirty first to thirty third aspects, wherein the viscosity of
the glass article is maintained within log viscosityx1.0 poise
of'the target viscosity during the first predetermined duration
using automatic viscosity control.

A thirty fifth aspect includes the method of any one of the
thirty first to thirty fourth aspects, wherein the density of the
glass article is monitored in-situ during the heating the glass
article from the first hold temperature to a second hold
temperature and the holding the glass article at the second
hold temperature for a second duration.

A thirty sixth aspect includes the method of the thirty
fourth aspects, wherein the density of the glass article is
monitored in-situ of the heating the glass article from the
first hold temperature to a second hold temperature at a
second predetermined heating rate and the holding the glass
article at the second hold temperature for a second duration
with a dilatometer.

A thirty seventh aspect includes the method of any one of
the thirty first to thirty sixth aspects, wherein the second
duration is ended when the density of the glass article is
constant for at least 50 minutes.

A thirty eighth aspect includes the method of any one of
the thirty first to thirty seventh aspects, wherein the second
duration is ended when the density of the glass article is
constant for at least 100 minutes.

A thirty ninth aspect includes the method of any one of the
thirty first to thirty eighth aspects, wherein the first prede-
termined heating rate is determined based at least in part on
performance of an automatic viscosity control system.

A fortieth aspect includes the method of any one of the
thirty first to thirty ninth aspects, wherein the second pre-
determined heating rate is determined based at least in part
on performance of an automatic viscosity control system.

A forty first aspect includes the method of any one of the
thirty first to fortieth aspects, further comprising applying a
weight constraining force to the glass article.

A forty second aspect includes the method of any one of
the thirty first to forty first aspects, wherein the glass article
is part of a glass stack.

A forty third aspect includes the method of the forty
second aspect, wherein the glass stack comprises: a first
setter; a plurality of glass sheets placed on the first setter;
and a second setter on the stack of glass sheets.

A forty fourth aspect includes the method of any one of
the forty second to forty third aspects, wherein the plurality
of glass sheets comprises at least 10 glass sheets.

A forty fifth aspect includes the method of any one of the
forty second to forty fourth aspects, wherein the plurality of
glass sheets comprises at least 20 glass sheets.

A forty sixth aspect includes the method of any one of the
thirty first to forty fifth aspects, wherein a temperature
differential of the glass article from a programmed tempera-
ture within the first predetermined duration is within +8° C.

A forty seventh aspect includes the method of any one of
the thirty first to forty sixth aspects, wherein a temperature
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differential of the glass article from a programmed tempera-
ture within the first predetermined duration is within +5° C.

A forty eighth aspect includes the method of any one of
the thirty first to forty seventh aspects, wherein a tempera-
ture differential of the glass article from a programmed
temperature within the second duration is within +8° C.

A forty ninth aspect includes the method of any one of the
thirty first to forty eighth aspects, wherein a temperature
differential of the glass article from a programmed tempera-
ture within the second duration is within +5° C.

A fiftieth aspect includes the method of any one of the
thirty first to forty ninth aspects, wherein heating the glass
article to a first hold temperature at a first predetermined
heating rate comprises multistage heating.

A fifty first aspect includes the method of any one of the
thirty first to fiftieth aspects, wherein during the heating the
glass article to a first hold temperature at a first predeter-
mined heating rate, the viscosity of the glass article is
maintained at greater than or equal to log viscosity 11.0
poise.

A fifty second aspect includes the method of any one of
the thirty first to fifty first aspects, wherein during the first
predetermined duration, the viscosity of the glass article is
maintained at greater than or equal to log viscosity 11.0
poise.

A fifty third aspect includes the method of any one of the
thirty first to fifty second aspects, wherein during the heating
the glass article from the first hold temperature to the second
hold temperature, the viscosity of the glass article is main-
tained at greater than or equal to log viscosity 11.0 poise.

A fifty fourth aspect includes the method of any one of the
thirty first to fifty third aspects, wherein the viscosity of the
glass article is maintained at greater than or equal to log
viscosity 11.0 poise for the entire duration of the method.

A fifty fifth aspect includes the method of any one of the
thirty first to fifty fourth aspects, wherein during the first
predetermined duration, the viscosity of the glass article is
maintained at less than log viscosity 11.0 poise.

A fifty sixth aspect includes a glass-ceramic article com-
prising: a first surface; a second surface opposing the first
surface; one or more crystalline phases; a residual glass
phase; a compressive stress layer extending from the first
surface to a depth of compression (DOC); a maximum
central tension greater than 90 MPa; a stored tensile energy
greater than 22 J/m?; a fracture toughness greater than 1.0
MPavm; and a haze less than 0.2.

A fifty seventh aspect includes the glass ceramic article of
the fifty sixth aspect further comprising a Young’s modulus
greater than 95 GPa.

A fifty eighth aspect includes the glass ceramic article of
any one of the fifty sixth and fifty seventh aspects, wherein
the fracture toughness is in a range from greater than 1.0
MPavm to 2.0 MPavm.

A fifty ninth aspect includes a glass-ceramic article com-
prising: a first surface; a second surface opposing the first
surface; one or more crystalline phases; a residual glass
phase; a compressive stress layer extending from the first
surface to a depth of compression (DOC); a maximum
central tension greater than 90 MPa; a stored tensile energy
greater than 22 J/m?; Young’s modulus greater than 95 GPa;
and a haze less than 0.2.

A sixtieth aspect includes the glass ceramic article of the
fifty ninth aspect, wherein the Young’s modulus is in a range
from greater than 95 GPa to 110 GPa.

A sixty first aspect includes the glass ceramic article of
any one of the fifty sixth to sixtieth aspects, wherein a ratio
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6
of Li,O (mol %)/R,0 (mol %) is greater than 0.85, wherein
R,0 is a sum of alkali metal oxides.

A sixty second aspect includes the glass ceramic article of
any one of the fifty ninth to sixty first aspects, further
comprising ZrO, in a range from 1.7 mol % to 4.5 mol %.

A sixty third aspect includes a glass-ceramic article com-
prising: a first surface; a second surface opposing the first
surface; one or more crystalline phases; a residual glass
phase; a compressive stress layer extending from the first
surface to a depth of compression (DOC); a maximum
central tension greater than 90 MPa; a stored tensile energy
greater than 22 J/m?; ZrO, in a range from 1.7 mol % to 4.5
mol %; and a ratio of LiO, (mol %)/R,O (mol %) is greater
than 0.85, wherein R,O is a sum of alkali metal oxides.

A sixty fourth aspect includes a glass ceramic of any one
of the fifty sixth to sixty third aspects, wherein the residual
glass phase is less than or equal to 50 wt % of the
glass-ceramic article.

A sixty fifth aspect includes a glass ceramic of any one of
the fifty sixth to sixty fourth aspects, wherein the one or
more crystalline phases comprises petalite.

A sixty sixth aspect includes a glass ceramic of any one
of the fifty sixth to sixty fifth aspects, wherein the one or
more crystalline phases comprises lithium disilicate.

A sixty seventh aspect includes a glass ceramic of any one
of the fifty sixth to sixty sixth aspects, wherein a sum of
crystalline phases other than lithium disilicate and petalite is
less than 1 wt % of the glass-ceramic article.

A sixty eighth aspect includes a glass ceramic of any one
of the fifty sixth to sixty seventh aspects, wherein the
glass-ceramic article is transparent and has a transmittance
of at least 85% for light in a wavelength range from 450 nm
to 800 nm at a thickness of 1 mm.

A sixty ninth aspect includes a glass ceramic of any one
of the fifty sixth to sixty eighth aspects, wherein the glass-
ceramic article breaks into less than 5 fragments when
subjected to the Fragment Test.

A seventieth aspect includes a glass ceramic of any one of
the fifty sixth to sixty ninth aspects, wherein the maximum
central tension is in a range from greater than 90 MPa to 180
MPa.

A seventy first aspect includes a glass ceramic of any one
of the fifty sixth to seventieth aspects, wherein the stored
tensile energy is in a range from greater than 22 J/m?® to 60
T/im?.

A seventy second aspect includes a glass ceramic of the
fifty sixth aspect, further comprising grains having grains
having a longest dimension of 150 nm or less.

A seventy third aspect includes a consumer electronic
product, comprising a housing comprising a front surface, a
back surface and side surfaces; electrical components at
least partially within the housing, the electrical components
comprising at least a controller, a memory, and a display, the
display at or adjacent the front surface of the housing; and
a cover substrate disposed over the display, wherein at least
one of a portion of the housing or the cover substrate
comprises the glass-ceramic article of any of the preceding
claims.

A seventy fourth aspect includes a method of forming a
glass-ceramic article, the method comprising: heating a
glass composition to a nucleation temperature to create a
nucleated crystallizable glass composition; heating the
nucleated crystallizable glass composition to a crystalliza-
tion temperature; and maintaining the crystallization tem-
perature for a predetermined period of time to produce the
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glass-ceramic article, wherein the glass-ceramic article com-
prises: a fracture toughness greater than 1.0 MPaVm; and a
haze less than 0.2.

A seventy fifth aspect includes the method of the seventy
fourth aspect, further comprising: maintaining the nucle-
ation temperature for a predetermined period of time to
produce the nucleated crystallizable glass composition.

A seventy sixth aspect includes the method of the seventy
fifth aspect, wherein the period of time for maintaining the
nucleation temperature is in a range from 1 minute to 6
hours.

A seventy seventh aspect includes the method of any one
of the seventy fourth to seventy sixth aspects, wherein the
glass composition is not maintained at the nucleation tem-
perature.

A seventy eighth aspect includes the method of any one of
the seventy fourth to seventy seventh aspects, further com-
prising: heating the nucleated crystallizable glass composi-
tion to an intermediate temperature, wherein the intermedi-
ate temperature is greater than the nucleation temperature
and less than the crystallization temperature; and heating the
nucleated crystallizable glass composition from the inter-
mediate temperature to the crystallization temperature.

A seventy ninth aspect includes the method of the seventy
eighth aspect, further comprising: maintaining the interme-
diate temperature for a predetermined period of time.

An eightieth aspect includes the method of any one of the
seventy eighth or seventy ninth aspects, wherein a heating
rate for heating the nucleated crystallizable glass composi-
tion from the nucleation temperature to the intermediate
temperature is different than the heating rate for heating the
nucleated crystallizable glass composition from the inter-
mediate temperature to the crystallization temperature.

An eighty first aspect includes the method of the eightieth
aspect, wherein the nucleating crystallizable glass compo-
sition is not maintained at the intermediate temperature.

An eighty second aspect includes the method of any one
of the seventy eighth to the eighty first aspects, further
comprising: subjecting the glass-ceramic article to an ion-
exchange treatment to create a compressive stress layer
extending from a first surface of the glass-ceramic article to
a depth of compression (DOC), wherein after the ion-
exchange treatment the glass-ceramic article has a maximum
central tension greater than 90 MPa and a stored tensile
energy greater than 22 J/m>.

An eighty third aspect includes the method of any one of
the seventy eighth to eighty second aspects, wherein the
nucleation temperature is in a range from 550° C. to 650° C.

An eighty fourth aspect includes the method of any one of
the seventy eighth to eighty third aspects, wherein the
heating to the nucleation temperature comprises heating
from room temperature to the nucleation temperature at a
heating rate in a range from 0.01° C./min to 50° C./min.

An eighty fifth aspect includes the method of any one of
the seventy eighth to eighty fourth aspects, wherein the
crystallization temperature is in a range from 680° C. to 800°
C.

An eighty sixth aspect includes the method of any one of
the seventy eighth to eighty fifth aspects, wherein the
predetermined period of time for maintaining the crystalli-
zation temperature is in a range from 1 minute to 4 hours.

An eighty seventh aspect includes the method of any one
of the seventy eighth to eighty sixth aspects, wherein the
heating to the crystallization temperature comprises heating
from the nucleation temperature to the crystallization tem-
perature at a heating rate in a range from 0.01° C./min to 50°
C./min.

15

20

25

35

40

45

8

An eighty sixth aspect includes the method of any one of
the seventy eighth to eighty seventh aspects, further com-
prising: in a first cooling stage, cooling the glass-ceramic
article from the crystallization temperature to a first tem-
perature at a first cooling rate; and in a second cooling stage,
cooling the glass-ceramic article from the first temperature
to a second temperature at a second cooling rate, wherein the
first cooling rate is slower than the second cooling rate.

An eighty seventh aspect includes the method of any one
of the seventy eighth to eighty sixth aspects, further com-
prising: in a first cooling stage, cooling the glass-ceramic
article from the crystallization temperature to a first tem-
perature at a first cooling rate; in an intermediate cooling
stage, cooling the glass-ceramic article from the first tem-
perature to a second temperature at second cooling rate; in
a second cooling stage, cooling the glass-ceramic article
from the second temperature to a third temperature at a third
cooling rate, wherein (i) the first cooling rate is slower than
the second cooling rate and the third cooling rate and (ii) the
second cooling rate is slower than the third cooling rate.

An eighty eighth aspect includes the method of any one of
the seventy eighth to eighty seventh aspects, wherein the
glass-ceramic has an optical retardance of less than 15
nm/mm of thickness.

An eighty ninth aspect includes a method of forming a
glass-ceramic article, the method comprising: heating a
glass composition to a nucleation temperature (T,); main-
taining the nucleation temperature for a first predetermined
period of time (t,) to produce a nucleated crystallizable
glass composition; heating the nucleated crystallizable glass
composition to a crystallization temperature (T ); and main-
taining the crystallization temperature for a second prede-
termined period of time (t.) to produce the glass-ceramic
article, wherein (103-0.260T ,+0.000203(T,,)*~7.96t,+
0.1532(t,)*-0.019T -—0.000008(T -)*~10.03t .+
0.00597T ,*t,+0.00463t,,*T ~+0.01342T - *t)<0.2.

A ninetieth aspect includes a method for controlling the
haze of a glass-ceramic article, the method comprising:
selecting a nucleation temperature (T,), a first predeter-
mined period of time (t,), a crystallization temperature (T ),
and a second predetermined period of time (t.) so that
(103-0.260T 4 +0.000203(T )*~7.961,+0.1532(t,)*—
0.019T —0.000008(T .)>*~10.03t40.00597T *t,+
0.00463t,*T +0.01342T -*t)<0.2.

An ninety first aspect includes the method of the ninetieth
aspect, further comprising: heating a glass composition to
the nucleation temperature (T,); maintaining the nucleation
temperature for the first predetermined period of time (t,) to
produce a nucleated crystallizable glass composition; heat-
ing the nucleated crystallizable glass composition to the
crystallization temperature (T.); and maintaining the crys-
tallization temperature for the second predetermined period
of time (t.) to produce the glass-ceramic article.

A ninety second aspect includes a method of ceramming
a plurality of glass sheets comprising: positioning a first
portion of the plurality of glass sheets in a first stack between
a first setter plate and a second setter plate and a second
portion of the plurality of glass sheets in a second stack
between the second setter plate and a third setter plate on top
of' the first stack in a glass stack configuration; and exposing
the glass stack configuration to a ceramming cycle to ceram
the plurality of glass sheets, wherein a AT of the first stack
or the second stack is less than 10° C. when the glass sheets
are heated to a nucleation temperature for a predetermined
period of time during the ceramming cycle; or wherein a AT
of the first stack or the second stack is less than 10° C. when



US 11,649,187 B2

9

the glass sheets are heated to a crystallization temperature
for a predetermined period of time during the ceramming
cycle.

A ninety third aspect includes the method of the ninety
second aspect, wherein the plurality of glass sheets have a
maximum thickness variation of 21 um or less.

A ninety fourth aspect includes the method of any one of
the ninety second or ninety third aspects, further comprising
removing the edge beads on each of the plurality of glass
sheets.

A ninety fifth aspect includes the method of any one of the
ninety second to ninety fourth aspects, further comprising
forming a parting agent layer between one of the plurality of
glass sheets and adjacent one of the plurality of glass sheets
from an aqueous dispersion of boron nitride and a colloidal
inorganic binding agent.

A ninety sixth aspect includes the method of any one of
the ninety second to ninety fifth aspects, further comprising
forming a parting agent layer between one of the plurality of
glass sheets and adjacent one of first setter plate, the second
setter plate, or the third setter plate from an aqueous dis-
persion of boron nitride and a colloidal inorganic binding
agent.

A ninety seventh aspect includes the method of any one of
the ninety second to ninety sixth aspects, wherein during the
predetermined period of time at which the glass sheets are
maintained at the nucleation temperature, the glass stack
configuration has a AT of 2.2° C. or less between a bottom
of the first stack proximate the first setter plate and a top of
the second stack proximate the third setter plate.

A ninety eighth aspect includes the method of any one of
the ninety second to ninety seventh aspects, wherein the
ceramming process includes a controlled cooling from a
maximum temperature in the ceramming process to a tem-
perature of about 450° C. at a rate of about 4° C./min
followed by a quenching step to a temperature of approxi-
mately room temperature.

A ninety ninth aspect includes the method of any one of
the ninety second to ninety eighth aspects, wherein each of
the first setter plate, the second setter plate, and the third
setter plate comprise reaction bonded silicon carbide.

A hundredth aspect includes the method of any one of the
ninety second to ninety ninth aspects, wherein each of the
first setter plate, the second setter plate, and the third setter
plate have a maximum flatness of less than or equal to about
100 pm.

A hundred first aspect includes the method of any one of
the ninety second to hundredth aspects, wherein each of the
first setter plate, the second setter plate, and the third setter
plate have a maximum flatness of less than or equal to about
25 pm.

A hundred second aspect includes the method of any one
of the ninety second to hundred first aspects, wherein each
of the first setter plate, the second setter plate, and the third
setter plate has a thickness t of from about 6.5 mm to about
10 mm.

A hundred third aspect includes the method of any one of
the ninety second to hundred second aspects, wherein the
glass stack configuration is supported on a carrier plate
comprising steel in an open grid configuration.

A hundred fourth aspect includes a method of ceramming
a plurality of glass sheets comprising: reducing a thickness
variation in the plurality of glass sheets; positioning the
plurality of glass sheets between a first setter plate and a
second setter plate in a glass stack configuration; and
exposing the glass stack configuration to a ceramming cycle
to ceram the plurality of glass sheets.
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A hundred fifth aspect includes a method of the hundred
fourth aspect, wherein reducing the thickness variation in
the plurality of glass sheets comprises reducing the thickness
variation in the plurality of glass sheets to a maximum
thickness variation of 21 um or less.

A hundred sixth aspect includes a method of any one of
the hundred fourth to hundred fifth aspects, further com-
prising removing the edge beads on each of the plurality of
glass sheets.

A hundred seventh aspect includes a method of any one of
the hundred fourth to hundred sixth aspects, further com-
prising forming a parting agent layer between one of the
plurality of glass sheets and adjacent one of the plurality of
glass sheets from an aqueous dispersion of boron nitride and
a colloidal inorganic binding agent.

A hundred eighth aspect includes a method of any one of
the hundred fourth to hundred seventh aspects, wherein
during the predetermined period of time at which the glass
sheets are maintained at a nucleation temperature, the glass
stack configuration has a AT of 2.2° C. or less between a
glass sheet proximate the first setter plate and a glass sheet
proximate the second setter plate.

A hundred ninth aspect includes a method of any one of
the hundred fourth to hundred eighth aspects, wherein the
ceramming process includes a controlled cooling from a
maximum temperature in the ceramming process to a tem-
perature of about 450° C. at a rate of about 4° C./min
followed by a quenching step to a temperature of approxi-
mately room temperature.

A hundred tenth aspect includes a method of any one of
the hundred fourth to hundred ninth aspects, wherein each of
the first setter plate and the second setter plate has a
maximum flatness of less than or equal to about 25 pm.

A hundred eleventh aspect includes a method of any one
of the hundred fourth to hundred tenth aspects, wherein the
glass stack configuration is supported on a carrier plate
comprising steel in an open grid configuration.

A hundred twelfth aspect includes a method of ceramming
a plurality of glass sheets comprising: positioning the plu-
rality of glass sheets in a stack between a first setter plate and
a second setter plate in a glass stack configuration; and
exposing the glass stack configuration to a ceramming cycle
to ceram the plurality of glass sheets, wherein the first setter
plate and the second setter plate each have: a specific heat
capacity of from about 670 J/kg*K to about 850 J/kg*K, as
measured in accordance with ASTM E1461 at room tem-
perature; a bulk density of greater than about 2500 kg/m?, as
measured in accordance with ASTM C20; or a thermal
diffusivity of greater than about 2.50x107> m?/s.

A hundred thirteenth aspect includes a method of the
hundred twelfth aspect, wherein the first setter plate and the
second setter plate each have a specific heat capacity of from
about 670 J/kg*K to about 850 J/kg*K, as measured in
accordance with ASTM E1461 at room temperature and a
bulk density of greater than about 2500 kg/m>, as measured
in accordance with ASTM C20.

A hundred fourteenth aspect includes a method of any one
of the hundred twelfth to hundred thirteenth aspects,
wherein the first setter plate and the second setter plate each
have a specific heat capacity of from about 670 J/kg*K to
about 850 J/kg*K, as measured in accordance with ASTM
E1461 at room temperature and a thermal diffusivity of
greater than about 2.50x107> m?%/s.

A hundred fifteenth aspect includes a method of any one
of the hundred twelfth to hundred fourteenth aspects,
wherein the first setter plate and the second setter plate each
have a bulk density of greater than about 2500 kg/m>, as
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measured in accordance with ASTM C20 and a thermal
diffusivity of greater than about 2.50x107> m?/s.

A hundred sixteenth aspect includes a method of any one
of the hundred twelfth to hundred fifteenth aspects, wherein
at least one of the first setter plate and the second setter plate
comprises at least 85 wt % reaction bonded silicon carbide.

A hundred seventeenth aspect includes a method of any
one of the hundred twelfth to hundred sixteenth aspects,
wherein at least one of the first setter plate and the second
setter plate has a porosity of less than about 1%.

Ahundred eighteenth aspect includes a method of any one
of the hundred twelfth to hundred seventeenth aspects,
wherein at least one of the first setter plate and the second
setter plate has a maximum flatness of less than or equal to
about 100 um.

Ahundred nineteenth aspect includes a method of any one
of the hundred twelfth to hundred eighteenth aspects,
wherein at least one of the first setter plate and the second
setter plate has a maximum flatness of less than or equal to
about 75 pm.

A hundred twentieth aspect includes a method of any one
of the hundred twelfth to hundred nineteenth aspects,
wherein at least one of the first setter plate and the second
setter plate has a maximum flatness of less than or equal to
about 50 pum.

A hundred twenty first aspect includes a method of any
one of the hundred twelfth to hundred twentieth aspects,
wherein at least one of the first setter plate and the second
setter plate has a maximum flatness of less than or equal to
about 25 pm.

A hundred twenty second aspect includes a method of any
one of the hundred twelfth to hundred twenty first aspects,
wherein the first setter plate and the second setter plate each
have a thickness t of from about 6.5 mm to about 10 mm.

A hundred twenty third aspect includes a method of any
one of the hundred twelfth to hundred twenty second
aspects, wherein the first setter plate and the second setter
plate each have a specific heat capacity of from about 670
J/kg*K to about 700 J/kg*K, as measured in accordance
with ASTM E1461 at room temperature.

A hundred twenty fourth aspect includes a method of any
one of the hundred twelfth to hundred twenty third aspects,
wherein the first setter plate and the second setter plate each
have a bulk density of from about 3000 kg/m? to about 3500
kg/m>, as measured in accordance with ASTM C20.

A hundred twenty fifth aspect includes a method of any
one of the hundred twelfth to hundred twenty fourth aspects,
wherein the first setter plate and the second setter plate each
have a thermal diffusivity of from about 7.50x10~> m*/s to
about 1.50x10™* m%/s.

A hundred twenty sixth aspect includes a method of any
one of the hundred twelfth to hundred twenty fifth aspects,
wherein the first setter plate and the second setter plate each
have a thermal conductivity of from about 180 W/m-K to
about 250 W/m-K, as measured in accordance with ASTM
E1461 at room temperature.

A hundred twenty seventh aspect includes a system for
ceramming a plurality of glass sheets comprising: a carrier
plate to support the plurality of glass sheets during a
ceramming process; and at least one setter plate supported
by the carrier plate, the at least one setter plate comprising
reaction bonded silicon carbide and having a maximum
flatness of less than or equal to about 100 pum.

A hundred twenty eighth aspect includes a method of the
hundred twenty seventh aspect, wherein the setter plate has
a maximum flatness of less than or equal to about 25 pm.
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A hundred twenty ninth aspect includes a method of any
one of the hundred twenty seventh to hundred twenty eighth
aspects, wherein the setter plate has: a specific heat capacity
of from about 670 J/kg*K to about 850 J/’kg*K, as measured
in accordance with ASTM E1461 at room temperature; a
bulk density of greater than about 2500 kg/m>, as measured
in accordance with ASTM C20; or a thermal diffusivity of
greater than about 2.50x107> m?/s.

A hundred thirtieth aspect includes a method of any one
of the hundred twenty seventh to hundred twenty ninth
aspects, wherein the carrier plate comprises steel in an open
grid configuration.

A hundred thirty first aspect includes a method of any one
of the hundred twenty seventh to hundred thirtieth aspects,
wherein the setter plate has a thickness t of from about 6.5
mm to about 10 mm.

A hundred thirty second aspect includes a coated glass
article comprising: a glass substrate having a parting agent
layer thereon, the parting agent layer formed from an
aqueous dispersion comprising boron nitride and a colloidal
inorganic binding agent.

A hundred thirty third aspect includes a coated glass
article of the hundred thirty second aspect, wherein the
colloidal inorganic binding agent comprises aluminum
oxide.

A hundred thirty fourth aspect includes a coated glass
article of any one of the hundred thirty second to hundred
thirty third aspects, wherein the boron nitride is present in
the form of agglomerated particles having an average par-
ticle size of from about 2 pm to about 4 um.

A hundred thirty fifth aspect includes a coated glass article
of any one of the hundred thirty second to hundred thirty
fourth aspects, wherein the aqueous dispersion is substan-
tially free of volatile organic solvents.

A hundred thirty sixth aspect includes a coated glass
article of any one of the hundred thirty second to hundred
thirty fifth aspects, wherein the aqueous dispersion further
comprises at least one dispersant.

A hundred thirty seventh aspect includes a coated glass
article of any one of the hundred thirty second to hundred
thirty sixth aspects, wherein the parting agent layer has a dry
coat weight of from about 2 gsm to about 6 gsm.

A hundred thirty eighth aspect includes a coated glass
article of any one of the hundred thirty second to hundred
thirty seventh aspects, wherein the glass substrate comprises
a glass ceramic substrate.

A hundred thirty ninth aspect includes a coated glass
article of any one of the hundred thirty second to hundred
thirty eighth aspects, wherein the coated glass substrate has
a percent transmission of from about 76% to about 83% as
measured in accordance with ASTM D1003.

A hundred fortieth aspect includes a coated glass article of
any one of the hundred thirty eighth to hundred thirty ninth
aspects, wherein the coated glass substrate has a percent
haze of from about 25% to about 38% as measured in
accordance with ASTM D1044.

A hundred forty first aspect includes a method of ceram-
ming a plurality of glass sheets comprising: spray coating an
aqueous dispersion comprising boron nitride and a colloidal
inorganic binding agent onto at least one of a setter plate and
one or more of the plurality of glass sheets; positioning the
plurality of glass sheets between at least two setter plates in
a glass stack configuration; and exposing the glass stack
configuration to a ceramming cycle sufficient to ceram the
plurality of glass sheets.
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A hundred forty second aspect includes the method of the
hundred forty first aspect, wherein the colloidal inorganic
binding agent comprises aluminum oxide.

A hundred forty third aspect includes the method of any
one of the hundred forty first to hundred forty second
aspects, wherein the boron nitride is present in the form of
agglomerated particles having an average particle size of
from about 2 pm to about 4 um.

A hundred forty fourth aspect includes the method of any
one of the hundred forty first to hundred forty third aspects,
wherein the aqueous dispersion is substantially free of
volatile organic solvents.

A hundred forty fifth aspect includes the method of any
one of the hundred forty first to hundred forty third aspects,
wherein the aqueous dispersion has a specific gravity of
from about 1.0 to about 1.2.

A hundred forty sixth aspect includes the method of any
one of the hundred forty first to hundred forty fifth aspects,
wherein the aqueous dispersion has a viscosity of from about
120 cP to about 160 cP.

A hundred forty seventh aspect includes the method of
any one of the hundred forty first to hundred forty sixth
aspects, wherein the aqueous dispersion has a pH of from
about 3 to about 5.

A hundred forty eighth aspect includes the method of any
one of the hundred forty first to hundred forty seventh
aspects, wherein the aqueous dispersion is spray coated onto
a surface of one of the plurality of glass sheets to form a
parting agent layer, and wherein positioning the plurality of
glass sheets between the at least two setter plates comprises
positioning the glass sheet having the parting agent layer
thereon below an adjacent glass sheet such that the parting
agent layer is between the surface of the glass sheet and the
adjacent glass sheet.

A hundred forty ninth aspect includes the method of any
one of the hundred forty first to hundred forty eighth aspects,
wherein the parting agent layer has a dry coat weight of from
about 2 gsm to about 6 gsm.

A hundred fiftieth aspect includes the method of any one
of the hundred forty first to hundred forty ninth aspects,
wherein, after exposing the glass stack configuration to the
ceramming cycle, the glass sheet having the parting agent
layer thereon has a percent transmission of from about 76%
to about 83% as measured in accordance with ASTM
D1003.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 schematically depicts a glass stack according to
embodiments disclosed and described herein;

FIG. 2 is a schematic illustration of a carrier plate having
an open grid configuration in accordance with one or more
embodiments described herein;

FIG. 3 is a schematic illustration of a carrier plate having
a hollow plate configuration in accordance with one or more
embodiments described herein;

FIG. 4 is a graph plotting the modeled AT (° C.; y-axis)
as a function of heating time (minutes; x-axis) for an open
grid steel carrier plate and a silicon carbide hollow carrier
plate in accordance with one or more embodiments
described herein;

FIG. 5 is a graph plotting the modeled AT (° C.; y-axis)
as a function of heating time (minutes; x-axis) for the setter
plates of Example A and Comparative Examples 1 and 2;

FIG. 6 is a graph plotting the maximum stress (MPa;
y-axis) for two different setter materials in which reaction

25

35

40

45

55

14

bonded silicon carbide is used on the left and silicon
refractory board is used on the right;

FIG. 7 depicts EDX (energy dispersive X-ray) showing
the lack of Si on the surface of reaction-bonded silicon
carbide setter plates post ceramming in accordance with one
or more embodiments described herein;

FIG. 8 depicts the XRD (X-ray diffraction) of various
glass ceramic articles in accordance with one or more
embodiments described herein;

FIG. 9 is a graph of the maximum warp (um; y-axis) for
various setter plate flatnesses and additional weight in
accordance with one or more embodiments described herein;

FIG. 10 is a schematic illustrating the scan pattern for the
CMM (coordinate measuring machine) measurement of the
flatness of setter plates in accordance with one or more
embodiments described herein;

FIG. 11 is a graph illustrating the maximum warp (pm;
left y-axis) as bars through the thickness of the glass stack
for various amounts of applied force and the maximum
stress (MPa; right y-axis) as a line graph for the various
amounts of applied force in accordance with one or more
embodiments described herein;

FIG. 12 is a graph of the % transmission (y-axis) for
various glass stacks in accordance with one or more embodi-
ments described herein;

FIG. 13 is a graph of the % haze (y-axis) for various glass
stacks in accordance with one or more embodiments
described herein;

FIG. 14 is a graph plotting the maximum warp (um;
y-axis) as a function of stack location (bottom of stack to top
of'stack from left to right; x-axis) for application of a parting
agent coating using varying spray head spacings in accor-
dance with one or more embodiments described herein;

FIG. 15 is a schematic illustration of a glass stack
configuration including interlayer setter plates in accordance
with one or more embodiments described herein;

FIG. 16 is a graph plotting the glass layer center tem-
perature (° C.; y-axis) as a function of time (x-axis) for the
top sheet of glass in a glass stack and the bottom sheet of
glass in the glass stack in accordance with one or more
embodiments described herein;

FIG. 17 is a graph plotting the glass layer temperature (°
C.; y-axis) as a function of time (x-axis) during a ceramming
process for the top sheet of glass in a glass stack and the
bottom sheet of glass in the glass stack in accordance with
one or more embodiments described herein;

FIG. 18 is a graph illustrating the maximum warp (lm;
left y-axis) as bars through the thickness of the glass stack
for various amounts of applied force and the maximum
stress (MPa; right y-axis) as a line graph for glass stacks
without interlayer setter plates (left) and including interlayer
setter plates (right) in accordance with one or more embodi-
ments described herein;

FIG. 19 graphically depicts crystalline phase of glass
ceramic articles during a ceramming cycle according to
embodiments disclosed and described herein;

FIG. 20 graphically depicts calorimetry of glass ceramic
articles during a ceramming cycle according to embodi-
ments disclosed and described herein;

FIGS. 21A and 21B schematically depict stress and warp
of shielded glass ceramic articles and force in contact glass
ceramic articles according to embodiments disclosed and
described herein;

FIG. 22 schematically depicts locations of thermocouples
within a stack according to embodiments disclosed and
described herein;
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FIG. 23 graphically depicts temperatures read by thermo-
couples during a ceramming cycle according to embodi-
ments disclosed and described herein;

FIG. 24 graphically depicts temperatures read by thermo-
couples during a ceramming cycle according to embodi-
ments disclosed and described herein;

FIG. 25 graphically depicts temperatures read by thermo-
couples during a ceramming cycle of a glass sheet and a
cerammed sheet according to embodiments disclosed and
described herein;

FIG. 26 graphically depicts temperatures read by thermo-
couples during a ceramming cycle of a glass sheet and a
cerammed sheet according to embodiments disclosed and
described herein;

FIG. 27 is a graph illustrating the maximum warp (um;
y-axis) through the thickness of glass stacks having various
thickness variability in accordance with one or more
embodiments described herein;

FIG. 28 is a graph illustrating the maximum warp (um;
y-axis) through the thickness of the glass stack for various
setter plate flatnesses in accordance with one or more
embodiments described herein;

FIG. 29A is a graphical representation of the warp of a 26
5-mm glass strip with the edge bead removed in accordance
with one or more embodiments described herein;

FIG. 29B is a graphical representation of the warp of a 26
5-mm glass strip with the edge bead remaining in accor-
dance with one or more embodiments described herein;

FIG. 30 is a graphical representation of the stress of a
glass ceramic article with the edge bead remaining (top) and
with the edge bead removed (bottom) in accordance with
one or more embodiments described herein;

FIG. 31 is a graph plotting the critical delta T (° C.; y-axis)
as a function of part length (mm; x-axis) for glass ceramic
parts of various lengths and widths in accordance with one
or more embodiments described herein;

FIG. 32 is an exemplary diagram of a cooling cycle
according to embodiments disclosed and described herein;

FIG. 33 is an exemplary diagram of another cooling cycle
according to embodiments disclosed and described herein;

FIG. 34 is a flow chart of proportional-integral-derivative
(PID) logic used in the automatic viscosity control (AVC)
nucleation phase of a ceram cycle according to embodiments
disclosed and described herein;

FIG. 35A graphically depicts temperature versus time
measurements and nucleation and crystallization (growth) of
a ceram cycle according to embodiments disclosed and
described herein;

FIG. 35B graphically depicts the nucleation rate and
crystal growth rate versus temperature in a ceram cycle
according to embodiments disclosed and described herein;

FIG. 36 is a block diagram that depicts a system used to
operate AVC nucleation phase of a ceram cycle according to
embodiments disclosed and described herein;

FIG. 37 graphically depicts log viscosity in poise versus
time in minutes of a ceram cycle according to embodiments
disclosed and described herein;

FIG. 38 graphically depicts temperature in degrees Cel-
sius versus time in minutes of a ceram cycle according to
embodiments disclosed and described herein;

FIG. 39 schematically depicts a dilatometer that can be
used in-situ to measure the density of a glass article accord-
ing to embodiments disclosed and described herein;

FIG. 40 graphically depicts density in grams per cubic
centimeter versus time in minutes of a ceram cycle accord-
ing to embodiments disclosed and described herein;
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FIG. 41 graphically depicts density in grams per cubic
centimeter versus time in minutes of a ceram cycle accord-
ing to embodiments disclosed and described herein;

FIG. 42 graphically depicts viscosity in log 10 poise
versus time in minutes of a ceram cycle according to
embodiments disclosed and described herein;

FIG. 43 graphically depicts temperature in degrees Cel-
sius on the left y-axis versus time in hours on the y-axis, and
viscosity in log 10 poise on the right y-axis versus time in
hours on the x-axis of a ceram cycle according to embodi-
ments disclosed and described herein;

FIG. 44A shows the warp of a glass-ceramic article
cerammed by a ceram cycle according to embodiments
disclosed and described herein;

FIG. 44B shows the warp of a glass-ceramic article
cerammed by a ceram cycle according to embodiments
disclosed and described herein;

FIG. 44C shows the warp of a glass-ceramic article
cerammed by a ceram cycle according to embodiments
disclosed and described herein;

FIG. 45A shows the warp of a glass-ceramic article
cerammed by a ceram cycle according to embodiments
disclosed and described herein;

FIG. 45B shows the warp of a glass-ceramic article
cerammed by a ceram cycle according to embodiments
disclosed and described herein;

FIG. 45C shows the warp of a glass-ceramic article
cerammed by a ceram cycle according to embodiments
disclosed and described herein;

FIG. 46 graphically depicts viscous sag in mm versus disc
radius in mm of a glass-ceramic article cerammed by a
ceram cycle according to embodiments disclosed and
described herein;

FIG. 47A graphically depicts the horizontal location of
measurement devices within a chamber of a heating appa-
ratus according to embodiments disclosed and described
herein;

FIG. 47B graphically depicts the vertical location of
measurement devices within a chamber of a heating appa-
ratus according to embodiments disclosed and described
herein;

FIG. 48 graphically depicts temperature in degrees Cel-
sius versus time in seconds as recording by measurement
devices in an empty chamber of a heating apparatus accord-
ing to embodiments disclosed and described herein;

FIG. 49 graphically depicts the temperature of glass
sheets in degrees Celsius on the left y-axis versus time in
seconds on the x-axis and the temperature differential
between glass sheets in degrees Celsius on the right y-axis
versus time in seconds on the x-axis when cerammed by a
ceram cycle according to embodiments disclosed and
described herein;

FIG. 50 graphically depicts the temperature of glass
sheets in degrees Celsius versus time in seconds with
expanded views of various portions of the graph of glass
articles cerammed by a ceram cycle according to embodi-
ments disclosed and described herein;

FIG. 51 graphically depicts the effect of multistage heat-
ing on the temperature differential of glass sheets in degrees
Celsius versus time in minutes according to embodiments
disclosed and described herein;

FIG. 52 graphically depicts the effect of multistage heat-
ing on the temperature differential of glass sheets in degrees
Celsius versus time in minutes according to embodiments
disclosed and described herein;

FIG. 53 graphically depicts the effect of multistage heat-
ing on the temperature differential of glass sheets in degrees
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Celsius versus time in minutes according to embodiments
disclosed and described herein;

FIG. 54 graphically depicts temperature in degrees Cel-
sius versus time in minutes of ceram cycles according to
embodiments disclosed and described herein and conven-
tional ceram cycles;

FIG. 55 graphically depicts density in in grams per cubic
centimeter versus time in minutes of ceram cycles according
to embodiments disclosed and described herein and conven-
tional ceram cycles;

FIG. 56 is an exemplary cross-sectional view of a
strengthened glass-ceramic article according to embodi-
ments disclosed and described herein;

FIG. 57A is a plan view of an exemplary electronic device
incorporating any of the glass-ceramic articles according to
embodiments disclosed and described herein;

FIG. 57B is a perspective view of the exemplary elec-
tronic device according to embodiments disclosed and
described herein;

FIG. 58 is a plot of the stress profiles from Example 1;

FIG. 59 is a plot of the central tension over increasing ion
exchange durations from Example 2;

FIG. 60 is the phase assemblage of the glass-ceramic from
Example 3;

FIG. 61 is a plot of the transmittance of the glass-ceramic
from Example 3;

FIG. 62 schematically depicts locations of samples within
a stack according to embodiments disclosed and described
herein;

FIG. 63 schematically depicts locations of glass ceramic
articles cut from a sheet according to embodiments disclosed
and described herein;

FIG. 64 graphically depicts flatness of glass sheets
according to embodiments disclosed and described herein;

FIG. 65 graphically depicts flatness of glass sheets
according to embodiments disclosed and described herein;

FIG. 66 graphically depicts haze of glass sheets according
to embodiments disclosed and described herein;

FIG. 67 graphically depicts the percentage of residual
glass phase of glass sheets according to embodiments dis-
closed and described herein;

FIG. 68 graphically depicts the percentage of lithium
disilicate crystalline phase of glass sheets according to
embodiments disclosed and described herein;

FIG. 69 graphically depicts the percentage of petalite of
glass sheets according to embodiments disclosed and
described herein;

FIG. 70 graphically depicts Raman data of glass sheets
according to embodiments disclosed and described herein;

FIG. 71 graphically depicts compressive stress of glass
sheets according to embodiments disclosed and described
herein;

FIG. 72 graphically depicts central tension of glass sheets
according to embodiments disclosed and described herein;

FIG. 73 graphically depicts depth of compression of glass
sheets according to embodiments disclosed and described
herein;

FIG. 74 graphically depicts hardness of glass sheets
according to embodiments disclosed and described herein;

FIG. 75 graphically depicts stress of glass sheets accord-
ing to embodiments disclosed and described herein;

FIG. 76 graphically depicts ceramming cycles according
to embodiments disclosed and described herein;

FIG. 77 graphically depicts haze of glass sheets according
to embodiments disclosed and described herein;
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FIG. 78 graphically depicts the percentage of residual
glass phase of glass sheets according to embodiments dis-
closed and described herein;

FIG. 79 graphically depicts the percentage lithium disili-
cate of glass sheets according to embodiments disclosed and
described herein;

FIG. 80 graphically depicts the percentage of petalite of
glass sheets according to embodiments disclosed and
described herein;

FIG. 81 graphically depicts hardness of glass sheets
according to embodiments disclosed and described herein;

FIG. 82 graphically depicts hardness of glass sheets
according to embodiments disclosed and described herein;

FIG. 83 graphically depicts hardness of glass sheets
according to embodiments disclosed and described herein;

FIG. 84 graphically depicts transmission of glass sheets
according to embodiments disclosed and described herein;

FIG. 85 graphically depicts flatness of glass sheets
according to embodiments disclosed and described herein;

FIG. 86 graphically depicts haze of glass sheets according
to embodiments disclosed and described herein;

FIG. 87 graphically depicts stress of glass sheets accord-
ing to embodiments disclosed and described herein;

FIG. 88 graphically depicts haze of glass sheets according
to embodiments disclosed and described herein;

FIG. 89 graphically depicts haze of glass sheets according
to embodiments disclosed and described herein;

FIG. 90 graphically depicts haze of glass sheets according
to embodiments disclosed and described herein;

FIG. 91 graphically depicts flatness of glass sheets
according to embodiments disclosed and described herein;

FIGS. 92A-92C graphically depict haze of glass sheets
according to embodiments disclosed and described herein;

FIG. 93 graphically depicts crystalline and glass phases of
glass sheets according to embodiments disclosed and
described herein;

FIG. 94 graphically depicts crystalline and glass phases of
glass sheets according to embodiments disclosed and
described herein;

FIG. 95 graphically depicts arbitrary intensity versus
Raman shift of glass sheets according to embodiments
disclosed and described herein;

FIG. 96 graphically depicts Raman intensity versus
Raman shift of glass sheets according to embodiments
disclosed and described herein;

FIG. 97 graphically Raman data of glass sheets according
to embodiments disclosed and described herein;

FIG. 98 graphically depicts applied fracture stress of glass
sheets according to embodiments disclosed and described
herein and comparative examples;

FIG. 99 graphically depicts max drop height of glass
sheets according to embodiments disclosed and described
herein and comparative examples; and

FIG. 100 graphically depicts max drop height of glass
sheets according to embodiments disclosed and described
herein and comparative examples.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments of
cerammed glass articles, methods for ceramming glass
articles, and systems for ceramming glass articles have
advantageous properties; embodiments of which are illus-
trated in the accompanying drawings. Various embodiments
will be described herein with specific reference to the
appended drawings.



US 11,649,187 B2

19

Definitions and Measurement Techniques

As used herein, the term “glass-ceramic” are solids pre-
pared by controlled crystallization of a precursor glass and
have one or more crystalline phases and a residual glass
phase.

As used herein, “depth of compression” or “DOC” refers
to the depth of a compressive stress (CS) layer and is the
depth at which the stress within a glass-ceramic article
changes from compressive stress to tensile stress and has a
stress value of zero. According to the convention normally
used in the art, compressive stress is expressed as a negative
(<0) stress and tensile stress is expressed as a positive (>0)
stress. Throughout this description, however, and unless
otherwise noted, CS is expressed as a positive or absolute
value—that is, as recited herein, CS=ICS]|.

The DOC and maximum central tension (CT) values are
measured using a scattered light polariscope (SCALP)
model number SCALP-04 available from GlasStress Ltd.,
located in Tallinn, Estonia.

The surface CS measurement method depends on whether
or not a vitreous region or layer is formed at the surface of
the glass-ceramic article during ion exchange. If there is no
vitreous layer or region, then the surface CS is measured by
surface stress meter (FSM) using commercially available
instruments such as the FSM-6000, manufactured by Ori-
hara Industrial Co., Ltd. (Japan). Surface stress measure-
ments rely upon the accurate measurement of the stress
optical coefficient (SOC), which is related to the birefrin-
gence of the glass. SOC in turn is measured according to
Procedure C (Glass Disc Method) described in ASTM
standard C770-16, entitled “Standard Test Method for Mea-
surement of Glass Stress-Optical Coefficient,” the contents
of which are incorporated herein by reference in their
entirety. If a vitreous region or layer is formed, then the
surface CS (and the CS of the vitreous layer or region) is
measured by the birefringence of the first transmission
(coupling) resonance of the vitreous region in a prism
coupling measurement and measures the depth of layer of
the vitreous region by the spacing between the first and
second transmission resonances or the breadth of the first
transmission resonance.

The CS in the remainder of the CS region is measured by
the refracted near-field (RNF) method described in U.S. Pat.
No. 8,854,623, entitled “Systems and methods for measur-
ing a profile characteristic of a glass sample”, which is
hereby incorporated by reference in its entirety. The RNF
measurement is force balanced and calibrated to the maxi-
mum CT value provided by a SCALP measurement. In
particular, the RNF method includes placing the glass article
adjacent to a reference block, generating a polarization-
switched light beam that is switched between orthogonal
polarizations at a rate of between 1 Hz and 50 Hz, measuring
an amount of power in the polarization-switched light beam
and generating a polarization-switched reference signal,
wherein the measured amounts of power in each of the
orthogonal polarizations are within 50% of each other. The
method further includes transmitting the polarization-
switched light beam through the glass sample and reference
block for different depths into the glass sample, then relay-
ing the transmitted polarization-switched light beam to a
signal photodetector using a relay optical system, with the
signal photodetector generating a polarization-switched
detector signal. The method also includes dividing the
detector signal by the reference signal to form a normalized
detector signal and determining the profile characteristic of
the glass sample from the normalized detector signal.
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The stress profile may be measured with a combination of
RNF for the inner CS, SCALP for the CT region, and the
method used for measuring the surface CS.
Stored tensile energy in (J/m?) is calculated using the
following Equation (1):

stored tensile energy (J/m?)=[(1-v)/E]f(c?)(ds) (€8]

where v is Poisson’s ratio, E is the Young’s modulus, o is the
stress, t is the thickness, and the integration is calculated
across the thickness of the tensile region only.

Fracture toughness is measured following Chevron Notch
Short Bar (CNSB) ASTM E 1304-97 method. The samples
measured are prepared from a thick patty of glass of the
desired composition and cerammed with the ceramming
cycle of interest (“COR” in the example presented) in a box
furnace.

Hardness is measured using a MITUTOYO HM 114
Hardness testing machine with a Vickers indenter with a 200
gram indentation load (Dwell time is 15 seconds). Measure-
ment of indentation diagonals is performed using calibrated
optical microscopy. Values are average of measurements
from 5 indentations per sample. Tests are performed on
optically polished samples with plane parallel faces.

The crystalline phase assemblage (before ion exchange)
and weight percentage of the crystalline phases and residual
glass phase is determined based on x-ray diffraction (XRD)
using a Rietveld analysis.

The following procedure, referred to herein as “the Frag-
ment Test,” is used for determining the number of fragments
the glass-ceramic article breaks into upon fracture. An
ion-exchanged glass-ceramic article have dimensions of 50
mm by 50 mm by 0.8 mm is placed on a steel surface. A
stylus with a tungsten carbide tip (available from Fisher
Scientific Industries, under the trademark TOSCO® and
manufacturer identifying number #13-378, with a 60 degree
coni-spherical tip), having a weight of 40 g is connected to
a clamp on a gear driven mechanism that moves the stylus
up and down. The tip of the stylus is placed in contact with
the glass-ceramic article and then the gear mechanism is
incrementally turned until the glass-ceramic article breaks.
Then the number of fragments is counted.

The fracture toughness value (K;.) was measured by
chevron notched short bar (CNSB) method disclosed in
Reddy, K. P. R. et al, “Fracture Toughness Measurement of
Glass and Ceramic Materials Using Chevron-Notched
Specimens,” J. Am. Ceram. Soc., 71 [6], C-310-C-313
(1988) except that Y*, is calculated using equation 5 of
Bubsey, R. T. et al., “Closed-Form Expressions for Crack-
Mouth Displacement and Stress Intensity Factors for Chev-
ron-Notched Short Bar and Short Rod Specimens Based on
Experimental Compliance Measurements,” NASA Techni-
cal Memorandum 83796, pp. 1-30 (October 1992). For thin
sheets, fracture toughness can be measured using a Vickers
indentor at a 500 gf load according to the methods presented
in Nihara et al.,

The Young’s modulus values recited in this disclosure
refer to a value as measured by a resonant ultrasonic
spectroscopy technique of the general type set forth in
ASTM E2001-13.

Haze of a glass-ceramic article is measured using a haze
meter, such as the BYK Gardner Haze-Gard 1, such as
following ASTM D1003 or ASTM D1044.

The transmittance, as utilized herein refers to total trans-
mittance, and is measured with a Perkin Elmer Lambda 950
UV/VIS/NIR spectrophotometer with a 150 mm integrating
sphere. The samples were mounted at the sphere’s entrance
port, allowing for collection of wide angle scattered light.
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The total transmittance data was collected with the reference
Spectralon reflectance disc over the sphere’s exit port. The
percent of total transmittance (% T) was calculated relative
to an open beam baseline measurement.

Stress is measured as the retardance of the glass-ceramics
after ceramming is measured by the GFP1400 sold by Stress
Photonics Inc. of Madison, Wis. (GFP=Grey Field Polar-
izer). Similar measurements may be made with other sys-
tems, such as commercially available systems (systems sold
by Axometrics, Inc.) or custom-made systems.” The stress is
typically measured on the full sheets after ceramming. The
measurement area corresponds to an area ~5 mm inbound
from the dimensions of the full sheet (full sheets have
dimensions ~245x641 (+/-10 mm) in the given examples).
Alternatively, the stress can be measured on parts cut from
the full sheets after ceramming. The parting agent remaining
on the surface of the sheets may lead to higher stress values
reported. This parting agent can be removed (brushing or
washing the surface) prior to measurements.

Optical transmission is measured in the 250-1000 nm
range on optically polished samples with plane parallel faces
using a Perkin Elmer Lambda 950 spectrophotometer, with
data interval of 2 nm. The transmission is measured on the
glass ceramic article itself without any coatings or other
applications.

X-ray diffraction (XRD) is measured using a Bruker D4
Endeavor equipped with Cu radiation and a LynxEye detec-
tor. Rietveld is done using Bruker’s Topas software package.

Raman data is measured using DXR2 SmartRaman from
Thermo Fisher.

Heat capacity is measured according ASTM E1461 at
room temperature and all ranges and subranges there
between.

Density is measured according to as measured in accor-
dance with ASTM C20.

Thermal conductivity is measured according to ASTM
E1461 at room temperature.

The optical retardation may be measured according to
ASTM F218-13.

Unless otherwise expressly stated, it is in no way intended
that any method set forth herein be construed as requiring
that its steps be performed in a specific order, nor that with
any apparatus specific orientations be required. Accordingly,
where a method claim does not actually recite an order to be
followed by its steps, or that any apparatus claim does not
actually recite an order or orientation to individual compo-
nents, or it is not otherwise specifically stated in the claims
or description that the steps are to be limited to a specific
order, or that a specific order or orientation to components
of an apparatus is not recited, it is in no way intended that
an order or orientation be inferred, in any respect. This holds
for any possible non-express basis for interpretation, includ-
ing: matters of logic with respect to arrangement of steps,
operational flow, order of components, or orientation of
components; plain meaning derived from grammatical orga-
nization or punctuation; and the number or type of embodi-
ments described in the specification.

As used herein, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a” component
includes aspects having two or more such components,
unless the context clearly indicates otherwise.

Directional terms as used herein—for example up, down,
right, left, front, back, top, bottom, vertical, horizontal—are
made only with reference to the figures as drawn and are not
intended to imply absolute orientation unless otherwise
expressly stated.
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As used herein, the terms “warp” and “flatness”—and any
variations thereof—are used interchangeably and have the
same meaning.

Any ranges used herein include all ranges and subranges
and any values there between unless explicitly stated oth-
erwise.

General Overview of Glass-Ceramic Articles

Reference will now be made in detail to the present
preferred embodiment(s), examples of which is/are illus-
trated in the accompanying drawings. Whenever possible,
the same reference numerals will be used throughout the
drawings to refer to the same or like parts.

Glass-ceramic articles have attributes that can be tailored
for use as cover substrates and/or housings for mobile
electronic devices. For example, without being bound by
theory, glass-ceramic articles with high fracture toughness
and/or Young’s modulus can provide resistance to crack
penetration and drop performance. When such glass-ceramic
articles are chemically strengthened, for example through
ion exchange, the resistance to crack penetration and drop
performance can be further enhanced. And the high fracture
toughness and/or Young’s modulus can also increase the
amount of stored tensile energy and maximum central ten-
sion that can be imparted to the glass-ceramic article through
chemical tempering while maintaining desirable fragmenta-
tion of the glass-ceramic article upon fracture. As another
example, the optical characteristics of the glass-ceramic
articles, such as transparency and haze, can be tailored
through adjusting the heating/ceramming schedule used to
turn a glass article into a glass-ceramic article as well as
through chemical strengthening, such as through ion
exchange, to design or control the properties of the glass-
ceramic article.

Stack Configurations for Forming Glass Ceramic Articles

In general, a process for forming a glass-ceramic includes
forming a glass article and ceramming the glass article to
transform the glass article into a glass-ceramic form. Refer-
ring to FIG. 1, an example stack configuration 100 for
ceramming is illustrated. The stack configuration 100
includes a carrier plate 102 supporting two setter plates 104,
and a glass stack 106 positioned between the setter plates
104.

In some embodiments, insulation layers (not shown) may
be located on the top surface of the upper setter plate 104 and
one the bottom surface of the lower setter plate 104. The
insulation layers may be formed from any material having a
low thermal conductivity and can reduce or even eliminate
axial temperature gradients of the glass sheets 108 on the top
and bottom of the glass stack 106.

As shown in FIG. 1, the glass stack 106 includes a
plurality of glass sheets 108, each glass sheet 108 being
separated from an adjacent glass sheet 108 by a parting agent
layer 110. The parting agent layer 110 reduces or even
eliminates the sticking of the glass sheets 108 in the glass
stack 106 during the ceramming process. Although not
depicted in FIG. 1, in some embodiments, the glass stack
106 may further include a parting agent layer 110 between
the glass sheet 108 and the setter plate 104. In other
embodiments, such as in various embodiments described
below, the setter plate 104 is made from a material that does
not react with the glass sheet 108, and a parting agent layer
110 is not required to prevent interactions between the glass
sheet 108 and the setter plate 104.

Generally, to form the glass-ceramic, the glass stack 106
is heated at a temperature above its annealing point for a
time sufficient to develop crystal nuclei (also referred to as
“nucleation”). The heat treatment can be performed, for
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example, in a lehr or furnace. After being heated above its
annealing point, the glass is then further heated, usually at a
higher temperature between the glass annealing point and
the glass softening point, to develop the crystal phase (also
referred to as “growth” or “crystallization”). In various
embodiments, the heat treatment, or ceramming process,
includes heating the glass stack to a nucleation temperature,
maintaining the nucleation temperature for a predetermined
period of time, heating the glass stack to a crystallization
temperature, and maintaining the crystallization temperature
for a predetermined period of time.

The glass sheets 108 may be made from any glass
composition that is suitable for forming glass-ceramic
articles, although it should be understood that the glass
composition of the glass sheets 108 can impact the mechani-
cal and optical properties of the glass-ceramic article. In
various embodiments, the glass composition is selected such
that the resultant glass-ceramic article has a petalite crys-
talline phase and a lithium silicate crystalline phase and
wherein the petalite crystalline phase and the lithium silicate
crystalline phase have higher weight percentages than other
crystalline phases present in the glass-ceramic article.

Having described the stack configuration 100 in general,
additional detail will now be provided with regard to the
components of the stack configuration 100.

Carrier Plate

In various embodiments, the carrier plate 102 supports
two or more setter plates 104. The structure and material of
the carrier plate 102 may be selected to control the thermal
uniformity of the glass sheets loaded on top of it in the stack
configuration 100. In some embodiments, the carrier plate
102 has an open carrier design (shown in FIG. 2), while in
other embodiments, the carrier plate 102 has a closed carrier
design (shown in FIG. 3). In the embodiment depicted in
FIG. 2, the carrier plate 102 is approximately 17% solid
metal (e.g., steel), while the carrier plate 102 in the embodi-
ment depicted in FIG. 3 is a hollow plate made of reaction
bonded silicon carbide beams with approximately 45% solid
metal.

To evaluate the thermal impact of the carrier plate, a
thermal model assuming production scale capacity with 9
stacks and 23 glass sheets in each stack on a carrier plate and
8 mm setter plates made from reaction bonded silicon
carbide was run. As shown in the modeled data of FIG. 4,
glass stacks on the hollow carrier plate exhibit reduced
thermal uniformity as compared to glass stacks on the open
steel carrier plate due to heat transfer. In particular, for the
carrier made of silicon carbide beams (FIG. 3), larger glass
stack temperature variations are expected as compared to the
carrier made of the open steel grid design (FIG. 2), except
at the very early stage of heating when the glass tempera-
tures are low. Additionally, the blocking of direct radiation
by the carrier plate also increases the overall heating time,
despite the fact that the reaction-bonded silicon carbide is a
better heat conductor than steel.

Accordingly, although various designs and materials may
be employed for the carrier plate 102, in various embodi-
ments, the carrier plate is made from steel and has an open
grid design, as depicted in FIG. 2.

Setter Plate

As shown in FIG. 1, in various embodiments, the carrier
plate 102 supports at least two setter plates 104. For
example, although the embodiment shown in FIG. 1
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includes a single glass stack 106 with a setter plate 104
above the glass stack 106 and a setter plate 104 between the
glass stack 106 and the carrier plate 102, it is contemplated
that additional setter plates 104 may be included, such as
being positioned within the glass stack 106, and/or by
positioning multiple glass stacks 106 on the carrier plate
102, each glass stack 106 having at least a setter plate 104
above the glass stack 106 and a setter plate 104 between the
glass stack 106 and the carrier plate 102.

While most conventional ceram processes utilize ceramic
and refractory materials to form setter plates, such materials
have heat transfer and heat capacity limitations which make
them unsuitable for producing a high optical quality that is
desired or required for certain applications. Additionally,
setter plates made from such materials can experience
thermal expansion, oxidation, and creep, which can in turn
lead to warp in the glass ceramic article.

Moreover, the setter plates 104 binding the glass stack 106
provide a lateral heat transfer path to spread radiant heat
from heating elements, which may lower the in-plane glass
sheet temperature variations. Minimizing the temperature
variations may in turn lead to a reduction in in-plane stresses
and warp in the glass ceramic article. Accordingly, in various
embodiments, the setter plates 104 are selected to maximize
the reduction in glass sheet temperature variation. In par-
ticular, the setter plates 104 are selected to have a particular
specific heat capacity, density, and thermal diffusivity.

According to various embodiments, the setter plates have
a specific heat capacity (c,) of from about 670 I’kg*K to
about 850 J/kg*K, as measured in accordance with ASTM
E1461 at room temperature. For example, the setter plates
may have a specific heat capacity of from about 670 J/kg*K
to about 850 J/kg*K, from about 670 J/kg*K to about 800
J/kg*K, from about 670 J/kg*K to about 750 J/kg*K, or
from about 670 J/kg*K to about 700 J/kg*K, as measured in
accordance with ASTM E1461 at room temperature and all
ranges and subranges there between. Without being bound
by theory, it is believed that when the specific heat capacity
is outside of this range, the material is not able to give up
heat and accept heat at the appropriate rate, which causes
stress, and warp in the glass in stacking configurations.

The setter plates in various embodiments additionally or
alternatively may be selected to have a bulk density of
greater than about 2500 kg/m>, as measured in accordance
with ASTM C20. For example, the setter plates may have a
bulk density of from about 2500 kg/m? to about 4000 kg/m?,
from about 2750 kg/m® to about 3750 kg/m?>, or from about
3000 kg/m> to about 3500 kg/m?, as measured in accordance
with ASTM C20 and all ranges and subranges there
between. Without being bound by theory, it is believed that
materials having bulk densities in this range have low
porosity and do not significantly increase the weight in the
stack. A bulk density that is too low can lead to material
deterioration over time and decreased life use of the mate-
rial, whereas a bulk density that is too high can lead to stress
in the stack due to increased force on the glass.

Moreover, in various embodiments, the setter plates have
a thermal diffusivity of greater than about 2.50x10> m?%/s.
For example, the setter plates may have a thermal diffusivity
of from about 2.50x10™> m*/s to about 5.50x10~* m?/s, from
about 3.0x10~> m?/s to about 5.00x10™* m?%/s, from about
4.0x107> m?*/s to about 4.50x10™* m?/s, from about 4.50x
10~° m?/s to about 4.00x10™* m?/s, from about 5.00x107>
m?/s to about 3.50x10™* m?/s, from about 5.50x10~> m*/s to
about 3.00x10~* m*/s, from about 6.00x10~> m?/s to about
2.50x10~* m?%/s, from about 6.50x10™> m>/s to about 2.0x
10~* m?%/s, from about 7.00x10~> m?*/s to about 2.00x10~*
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m?/s, or from about 7.50x10~> m?/s to about 1.50x10™* m*/s
and all ranges and subranges there between. Without being
bound by theory, if the thermal diffusivity is too low, the
material will take too long to heat up and cool down causing
thermal gradients in the stack, which will lead to stress and
warp. However, if the thermal diffusivity is too high, it could
also lead to stress due to imparting thermal gradients in the
stack. Glass sheets in contact with the setter plates would be
affected by heat transfer at different rates as opposed to the
glass sheets in the center of the stack. Thermal diffusivity o
can be defined according to the following equation:

where k is thermal conductivity (W/m*K), p is density
(kg/m>), and ¢, is specific heat capacity (I/kg*K).

Accordingly, in various embodiments, the setter plates
have a thermal conductivity (k) of greater than about 100
W/m-K, greater than about 125 W/m-K, greater than about
150 W/m-K, greater than about 175 W/m-K, or even greater
than about 180 W/m-K, as measured in accordance with
ASTM E1461 at room temperature. For example, the setter
plate may have a thermal conductivity of from about 100
W/m-K to about 350 W/m-K, from about 125 W/m-K to
about 325 W/m-K, from about 150 W/m-K to about 300
W/m-K, from about 175 W/m-K to about 275 W/m-K, or
from about 180 W/m-K to about 250 W/m-K, as measured
in accordance with ASTM E1461 at room temperature and
all ranges and subranges there between. Without being
bound by theory, thermal conductivity too high or too low
can induce thermal gradients in the stack leading to stress
and warp.

Various materials having the desired specific heat capac-
ity, density, and thermal diffusivity may be suitable for use
in forming the setter plates described herein. One example
material that is particularly suitable for use is reaction-
bonded silicon carbide (SiSiC). In embodiments, the setter
plate 104 may comprise from about 85 wt % to about 90 wt
% reaction bonded silicon carbide. The setter plate 104 may
further comprise from about 10 wt % to about 15 wt %
silicon metal (Si) and binding agents. Commercially avail-
able reaction bonded silicon carbide products that may be
suitable for use in forming the setter plate 104 can include,
by way of example and not limitation, CRYSTAR RB™
available from Saint-Gobain Ceramic Materials.

To confirm the impact of the thermal properties of the
material used to form the setter plates, three different mate-
rials were used to form setter plates having a thickness of 8
mm. In particular, Example A was formed from reaction-
bonded silicon carbide, Comparative Example 1 was formed
using nitride bonded silicon carbide, and Comparative
Example 2 was formed using silicon refractory board. The
thermal properties of each of these materials are provided in

Table 1.
TABLE 1
Thermal Properties of Setter Plate Materials
Nitride Reaction Si
Bonded Bonded Refractory
SiC (SiSiC) Board
Thermal 31 185 0.6

Conductivity at
room temperature
(W/m * K)
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TABLE 1-continued

Thermal Properties of Setter Plate Material

Nitride Reaction Si
Bonded Bonded Refractory
SiC (SiSiC) Board
Bulk Density 2200 3030 2100
(kg/m?)
Specific Heat at 663 670 878
room temperature
(J’kg * K)
Thermal Diffusivity 2.13E-05 9.11E-05 3.25E-07

(m?'s)

The AT of the glass stack during heating ramp up was
measured. The results are shown in FIG. 5. In particular, as
shown in FIG. 5 the reaction bonded silicon carbide exhibits
a reduced heating time and a reduced AT during the process.
Comparative Example 2 using setter plates formed from
silicon refractory board exhibited a significantly larger tem-
perature variation, most likely because it is a poor heat
conductor. However, the larger thermal diffusivity of
Example A and Comparative Example 1 (nitride-bonded
silicon carbide) showed more uniform temperatures.

In addition to decreasing the temperature variation in the
glass stack, the setter plate 104 of various embodiments is
made from a material that imparts lower stress as compared
to conventional materials. For example, the thermal diffu-
sivity of the reaction-bonded silicon carbide imparts lower
stress in the glass ceramic article following ceramming heat
treatment as compared to conventional setter plate materials.
As shown in FIG. 6 the reaction bonded silicon carbide
produced a lower maximum stress on the stacks (left hand
side of the graph) as compared to stacks in contact with a
silicon refractory board setter plate (right hand side of the
graph). Without being bound by theory, it is believed that the
reduced temperature delta resulting from the thermal diffu-
sivity of the reaction-bonded silicon carbide reduces stress
in the glass ceramic article as it grows crystals and phase
transformation occurs in the article. The stress reduction
directly impacts the warp in the glass ceramic article. In
particular, increased stresses induce higher warp in the
article, which can make it unusable for certain applications,
such as handheld electronic displays. However, the use of
reaction bonded silicon carbide reduces the stress in the
glass ceramic article, thereby providing low warp in the final
product.

In various embodiments, the material used to form the
setter plate 104 is further selected based on its lack of
reactivity with both the carrier plate 102 and the glass
ceramic article. Reaction bonded silicon carbide is an
example material that demonstrates low or even no reaction
with materials typically used to form the carrier plate 102.
In particular, setter plates made from reaction bonded silicon
carbide in contact with stainless steel alloy and Ni-based
super alloy metal carrier plates were tested up to 800° C. in
air for 24 hour and for 100 hours. As shown in FIG. 7, SEM
(scanning electron microscope) and EDX examination
showed that there was no reaction of the metals with the
reaction bonded silicon carbide. Specifically, the lack of Si
found on the carrier plate surfaces showed that there was no
reaction with the free Si in the reaction bonded silicon
carbide microstructure.

Moreover, Li-based glass ceramics in contact with reac-
tion bonded silicon carbide material during a thermal cer-
amming process do not exhibit any skin effects, according to
XRD phase assemblage characterization. For example, as
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shown in FIG. 8, the glass in contact with the reaction
bonded silicon carbide setter plate (A) is similar in phase to
the bulk glass (B).

In addition to having improved thermal properties over
other materials, reaction bonded silicon carbide has a low
porosity (<1%), which can increase the life of the setter plate
during thermal cycling due to increased resistance to oxi-
dation, cracking, and reactivity through diffusion with other
elements and materials.

In various embodiments, the setter plate 104 is also
dimensioned to reduce warp in the glass ceramic article. In
particular, the thickness of the setter plate 104 and the
flatness of the setter plate 104 are controlled to reduce both
warp and stress in the glass ceramic.

During the ceramming process, the glass sheets 108
forming the glass stack 106, which is in contact with the
setter plates 104, move and conform to the flatness of the
setter plate 104. In various embodiments, the setter plate 104
may be machined to obtain a particular flatness after for-
mation. As used herein, the term “flatness” refers to a
tolerance zone defined by two parallel planes within which
the surface lies. For example, a flatness of 100 um means
that the surface must lie entirely between two parallel planes
that are at most 100 um apart. The impact of the flatness of
the setter plate 104 on the flatness of the glass ceramic article
is shown in FIG. 9. Specifically, as shown in FIG. 9, the
maximum warp of the glass ceramic article is decreased for
setter plates having a flatness of 100 um as compared to
setter plates having a flatness of 700 pum.

FIG. 9 further demonstrates that the use of additional
weight (e.g., double weight as used in Sample Set 1) does
not significantly reduce warp. For example, for each of
Sample Set 1, Sample Set 2, and Sample Set 3, the first five
samples of each set were performed using a setter with a
flatness of 100 um, while the last 5 samples of each set were
performed using a setter with a flatness of 700 pm. The
flatter setter reduced the warp to approximately the same
amount independent of the weight, as shown by comparing
Sample Set 1, which had double weight, to Sample Sets 2
and 3, each of which have equalized weight.

In various embodiments, the setter plate 104 has a maxi-
mum flatness of less than or equal to about 100 pm, less than
or equal to about 75 pm, less than or equal to about 50 pm,
less than or equal to about 45 um, less than or equal to about
40 um, less than or equal to about 35 pm, less than or equal
to about 30 um, or even less than or equal to about 25 pm.

Flatness can be measured using a CMM and touch and/or
non-touch probes. In various embodiments, the measure-
ment density is 1 point/mm throughout the sweep trajectory
and the measurement region is about 10 mm inbound from
a side of the setter plate. The origin of alignment is at the
center of the shorter edge, as shown in FIG. 10. To locate the
origin, the CMM finds the corners of the setter plate 104 and
calculates the distance between the two corners. The origin
is the distance divided by two. To determine the region of
inspection, the probe is moved 10 mm horizontally inbound
from edge of the setter plate at the origin. Then, the probe
is moved upwards about 325 mm to the start point. The
sweep begins at that point. Spacing between each line is
about 15 mm, and the setter plate is scanned in a serpentine
pattern, as shown in FIG. 10. Flatness is evaluated by the
CMM using the minimum zone method.

The thickness t of the setter plate 104 (shown in FIG. 1)
is selected, at least in part, to balance the thermal effects of
the setter plate 104 on the glass stack 106 with inducement
of warp. In particular, the thickness should be minimized for
heat transter and uniformity, yet maximized for strength and
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warp resistance. Accordingly, in various embodiments, the
setter plate 104 has a thickness t of from about 6.5 mm to
about 10 mm, or from about 7 mm to about 9.5 mm, or from
about 7.5 mm to about 9 mm, or from about 7.9 mm to about
8.2 mm and all ranges and subranges there between.

The density of the material used to form the setter plate
104 and the thickness of the setter plate 104 may further be
selected based on the applied force on the glass stack 106.
FIG. 11 illustrates how additional force on the glass stack
can contribute to increased stress in the glass ceramic article.
In particular, as shown in FIG. 11, the addition of weight not
only did not improve the warp (e.g., decrease the maximum
warp), but it further increased the maximum stress at various
points within the glass stack. Without being bound by
theory, it is believed that the addition of additional force
constrains the glass sheets during the ceramming process
when shrinkage occurs. Accordingly, it is believed that the
ability of the material to move freely during the ceramming
process decreases warp in the glass ceramic article. In
various embodiments, setter plates 104 made from reaction
bonded silicon carbide may provide good heat transfer while
maintaining low applied force, thereby resulting in low warp
and stress in the glass ceramic article.

Parting Agent Layer

As described hereinabove, in various embodiments, a
parting agent layer 110 is deposited between adjacent glass
sheets 108 in the glass stack 106. In some embodiments, a
parting agent layer 110 may also be deposited between the
setter plate 104 and the glass stack 106. For example, a
parting agent layer 110 may be coated onto the setter plate
104, or may be deposited on the surface of the glass sheet
108 at the top and/or bottom of the glass stack 106.

In various embodiments, the parting agent layer 110 is
formed from a parting agent composition, which comprises
an aqueous dispersion including boron nitride and a colloi-
dal inorganic binding agent. In embodiments, the parting
agent composition is substantially free of volatile organic
solvents. Accordingly, processes employing the parting
agent composition may generate less hazardous waste than
conventional processes using alcohol-based products.

According to various embodiments, the parting agent
composition includes boron nitride as a lubricant. The use of
boron nitride enables the parting agent composition to be
used in high temperatures (e.g., >500° C.) applications,
which may not be possible with alternative lubricants.
Additionally, boron nitride may be particularly well suited
for use as a lubricant in various embodiments because it
maintains its lubrication properties throughout the ceram-
ming process. In the parting agent composition of various
embodiments, the boron nitride is present in the form of
agglomerated particles having an average particle size of
from about 2 pm to about 4 um. Although the particle size
may vary depending on the particular embodiment
employed, the particle size generally should not exceed
about 4 pum to reduce surface roughness and enable the
formation of ultra-thin (e.g., 2 gsm dry weight) coating
layers.

As described above, the parting agent composition further
includes a colloidal inorganic binding agent. The colloidal
inorganic binding agent may include, by way of example
and not limitation, aluminum oxide (AlOx). Other colloidal
inorganic binding agents may be used, provided that they do
not fully decompose during the heat treatment (e.g., ceram-
ming) process.
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In some embodiments, the parting agent composition may
optionally include one or more dispersants or other addi-
tives. For example, antimicrobial additives may be
employed. Suitable dispersants include nitric acid or other
dispersants known and used in the art. However, in other
embodiments, the parting agent composition may be sub-
stantially free of additional components in order to reduce
the likelihood of reaction between the parting agent layer
110 and the glass sheets 108 and/or the setter plate 104.

The parting agent composition has a specific gravity of
from about 1.0 to about 1.2 as measured using a syringe to
pull off a predetermined volume of the parting agent com-
position and weighing that volume. Specifically, to measure
the specific gravity, a 20 mL syringe is used to pull about 10
ml of the parting agent composition into the syringe and
pushed back out to evacuate bubbles. The syringe is then
wiped clean, placed on a scale, and the scale is zeroed out.
Then, exactly 20 mL of the parting agent composition is
pulled into the syringe; the syringe is wiped clean, and
placed on the scale to get the weight in grams in the syringe.
The weight is then divided by 20 to get the specific gravity.

Additionally or alternatively, in various embodiments, the
parting agent composition has a viscosity of from about 120
centipoise (cP) to about 160 cP as measured on a Brookfield
DV2TLV Viscometer, four spindle and all ranges and sub-
ranges there between. Although the viscosity may vary
depending on the particular embodiment, a viscosity greater
than 160 cP or less than 120 cP may adversely impact the
application of the composition to the glass sheets, and may
result in an uneven parting agent layer.

In various embodiments, the parting agent composition
has a pH of from about 3 to about 5 and all ranges and
subranges there between. In particular, when the parting
agent composition has a pH in this range, the composition is
compatible with application to the surface of the glass sheet
without concern for pitting or etching the surface. Suitable
commercially available parting agents include those avail-
able from Zyp Coatings (Tennessee).

As described above, the parting agent composition may
be applied to one or more surfaces of the glass sheets 108
and/or the setter plates 104 to form a parting agent layer 110.
In various embodiments, the parting agent composition is
applied via a spray dispersion technique, such as rotary
atomization and/or air assisted spray dispersion. Without
being bound by theory, it is believed that other application
techniques, including but not limited to roller coating,
dipping, and ultrasonic powder application, are unable to
achieve the desired layer thickness and uniformity desired
by various embodiments. Accordingly, in various embodi-
ments, the parting agent composition is dried to form a
parting agent layer 110 having a dry coat weight of from
about 2 gsm to about 6 gsm and all ranges and subranges
there between. Although the thickness of the parting agent
layer 110 can vary depending on the particular embodiment,
it is generally expected that dry coat weights of less than
about 2 gsm may have an increased risk of sticking. Addi-
tionally, in various embodiments, the parting agent layer 110
has a substantially uniform distribution on the surface of the
glass sheet 108 and/or the setter plate 104.

In embodiments described herein, coating uniformity was
characterized by percent haze and percent transmittance
using a BYK Haze-Gard Plus instrument from the Paul N.
Gardner Company, Inc. in accordance with ASTM D 1003
(for transmission) and ASTM D 1044 (for haze). The
Haze-Gard Plus is capable of directly determining total
transmittance, haze and clarity. The instrument utilizes an
Illuminant C light source representing average day light with
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a correlated color temperature of 6774 K. In various embodi-
ments, the cerammed glass sheet 100 having a parting agent
layer 110 on one surface thereof has a percent transmission
of from about 76% to about 83% as measured in accordance
with ASTM D1003 and a percent haze of from about 25%
to about 38% as measured in accordance with ASTM
D1044.

FIG. 12 is a plot of the percent transmission (y-axis)
versus acceptability of the samples (x-axis). In particular, the
percent transmission is shown for Li-based glass ceramic
articles including a parting agent layer. As shown in FIG. 12,
a coating that is too thick (e.g., greater than about 6 gsm)
exhibits a percent transmission of less than 70%, while a
coating that is too thin (e.g., less than about 2 gsm) exhibits
a percent transmission of about 85%, but the glass sticks to
adjacent glass sheets. However, samples that were otherwise
acceptable exhibited a percent transmission of from about
76% to about 83% as measured in accordance with ASTM
D1003.

FIG. 13 is a plot of the percent haze (y-axis) versus the
acceptability of the samples (x-axis). For samples having a
coating that was too thick (e.g., greater than about 6 gsm),
the percent haze was greater than about 40%, while samples
that had coatings that were too thin (e.g., less than about 2
gsm), the percent haze was less than about 25% and the
samples exhibited sticking. However, samples that were
otherwise acceptable exhibited a percent haze of from about
25% to about 38% as measured in accordance with ASTM
D1044.

In various embodiments, glass ceramic articles including
the parting agent layer 110 exhibit less warp than glass
ceramic articles formed without the parting agent layer 110.
In other words, in addition to reducing the sticking between
a glass sheet 108 and an adjacent glass sheet 108 and/or the
setter plate 104, the parting agent layer 110 can reduce warp
in the final glass ceramic article. Without being bound by
theory, it is believed that application of a parting agent layer
110 as described herein can prevent localized sticking which
contributes to warp in the glass ceramic article. In particular,
during the ceramming process, the glass experiences shrink-
age during phase change and crystal growth and the pres-
ence of the parting agent layer 110 allows the glass to move
freely without constraint in the glass stack 106.

FIG. 14 is a graph of the maximum warp (in pum; y-axis)
as a function of glass stack location (x-axis). The coating
was applied with a 1.5" spray head spacing (solid line) and
a 3.0" spray head spacing (dotted line). FIG. 14 shows that
maximum warp increases from the bottom of the glass stack
(left) to the top of the glass stack (right). Additionally, in
embodiments in which the coating was applied with slight
variances in the thickness and uniformity of the coating
layer (3.0" spray head spacing), the max warp increases over
the entire thickness of the glass stack as compared to a
uniform application of the coating layer at dry coat weight
of about 2 gsm with a 1.5" spray head spacing. Thus,
demonstrated by the data presented in FIG. 14, sticking
causes lower yields and physical degradation of the glass
ceramic article and localized stiction constrains the glass,
which increases warp in the final product.

In addition to decreasing the warp of the glass ceramic
article, the parting agent layer 110 of various embodiments
described herein has been found to leave the phase assem-
blage of the glass ceramic article unchanged. FIG. 8 is an
XRD of the glass ceramic article including the parting agent
layer 110 as cerammed (C) and post polishing (D). The
surface layer effect is measured to be less than about 1 um.
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Thus, in various embodiments, the parting agent layer 110
can reduce CTE mismatch between the glass sheets 108 and
the setter plate 104, reduce scuffing, and extend the life of
the setter plates 104 by reducing wear. For example, it is
believed that the CTE mismatch between the glass sheets
108 and the setter plate 104 can lead to scuffing if the glass
sheets 108 stick to the setter plate 104. However, various
embodiments of the parting agent composition, and particu-
larly the colloidal binder, do not fully decompose during the
thermal process. Accordingly, parting agent composition can
be used to coat the setter plate 104 for multiple uses (e.g.,
greater than about 25 cycles) before the setter plate 104
needs to be re-coated. Therefore, in various embodiments,
the parting agent layer 110, when applied in as an ultra-thin
and uniform layer, prevents sticking in high temperature
glass-glass stacking configurations, which can, in turn,
reduce warp of a final glass ceramic article.

Glass Stack Configuration

In various embodiments described herein, multiple glass
sheets 108 are arranged in a glass stack 106 for the ceram-
ming process. In addition to the variables described above as
impacting the warp and stress of the final glass ceramic
article, it was further discovered that various elements of the
glass-stacking configuration have an impact on the warp and
stress of the glass ceramic article.

Accordingly, in various embodiments, interlayer setter
plates 112 may be placed within the glass stack 106, as
shown in FIG. 15. The inclusion of the interlayer setter
plates 112 can increase heat transfer and decrease the
temperature lag from the top of the glass stack to the bottom
of the glass stack. As shown in FIG. 16, when the tempera-
ture of each glass sheet in the stack including three interlayer
setter plates is measured during the nucleation stage of the
ceramming process, there is a 2.2° C. variability between the
top layer of the top stack and the bottom layer of the bottom
stack. Moreover, as shown in FIG. 17, although there
remains a temperature differential during the ramping peri-
ods of the ceramming process, the inclusion of interlayer
setter plates in the glass stack achieves temperature unifor-
mity throughout the glass stack during the soaking periods.

Additionally, the inclusion of interlayer setter plates 112
reduces the warp and does not significantly impact the stress
in the glass ceramic article, as shown in FIG. 18. Specifi-
cally, FIG. 18 shows that the inclusion of the interlayer setter
plates 112 (right side of the graph) can reset the additive
warp at each interlayer setter plate as compared to the
increasing warp of the glass stack without interlayer setter
plates (left side of the graph). The maximum stress is shown
in FIG. 18 as the line graph, which does not increase with the
addition of the interlayer setter plates.

In addition to including interlayer setter plates 112 within
the glass stack 106, warp and stress in the glass ceramic
article may further be controlled or reduced by limiting the
number of glass sheets incorporated in the glass stack. For
example, in some embodiments, the glass stack can be from
6 to 24 glass sheets, or from 10 to 20 glass sheets from setter
plate 104 to setter plate 104. In embodiments in which
interlayer setter plates are disposed within the glass stack,
the number of glass sheets between each interlayer setter
plate may be from 5 glass sheets to 15 glass sheets, or from
6 glass sheets to 10 glass sheets.

Stack Mass

Crystallization of the glass when forming a glass ceramic,
such as discussed below, is an exothermic process that can
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cause localized heating within the glass stack 106. This
localized heating can cause thermal gradients within the
stack in all directions of the stack. As will be shown in more
detail below, these thermal gradients can lead to warp, or
reduced flatness, in the glass sheets present in the stack.
According to embodiments, the mass of glass in a glass stack
can be controlled, such as, for example, by modifying the
height of the glass stack, to control the thermal gradients
caused by crystallization of glass.

Ceramming cycle, according to embodiments, will com-
prise a nucleation step at a given temperature, followed by
a growth step at a higher temperature. The precursor glass
composition and the ceramming cycle will determine the
phase assemblage in the final product. According to embodi-
ments, the cycle of record (COR) for ceramming comprised
heating the precursor glass composition to 570° C. and
holding at that temperature for four hours followed by
heating to 740° C. and holding at that temperature for 1 hour.

As shown in FIG. 19, when a precursor glass is cerammed
with the COR, the glass shows an increase in the amount of
crystalline phases precipitated starting around 620° C., with
a sharp increase in the crystalline phases in the temperature
range from 680° C. to 700° C. range, which corresponds to
the ramp from nucleation to growth. Between 570° C. and
740° C., the amount of crystalline phase in the material goes
from less than 10 wt % to greater than 70 wt % (as measured
by high-temperature XRD analysis of the surface of a
sample during ceramming of COR, analyzed by Rietveld
method). This phenomenon is shown graphically in FIG. 19
by the sharp increase in wt % of crystalline phase, and
particularly in the steep increase from about 660° C. to about
710° C. Similarly, FIG. 20 shows differential scanning
calorimetry versus temperature, which indicates the energy
released from crystallization at certain temperatures within
the ceramming cycle. As shown in FIG. 20, according to
embodiments, the energy released from crystallization
increases rapidly at temperatures around 700° C., where
crystalline phase formation is rapidly increasing (as shown
in FIG. 20). Thus, a view of the of FIG. 19 and FIG. 20
shows that crystalline formation is an exothermic process
that, as mentioned above, can cause temperature gradients in
the glass stack.

With reference now to FIGS. 21A and 21B, it is shown
that when thermal gradients (ATs) are present in a glass sheet
during the ramp from nucleation to growth, warp can be
generated in the formed glass ceramic sheet if the glass sheet
is not constrained underweight during the ceramming cycle
in embodiments. Moreover, when the glass sheet is con-
strained underweight during the ceramming cycle, the glass
sheet may not warp, but internal stresses can be caused by
the ATs. This is evidenced In FIGS. 21A and 21B where two
samples were formed with low ATs and two samples were
formed at high ATs (four total samples). One sample in the
high ATs and one sample in the low ATs had force applied
to the glass sheet, which are labeled as “Force in Contact”
in FIGS. 21A and 21B. In addition, one sample in the high
ATs and one sample in the low ATs had a component that did
not apply force to the glass sheet, but had a setter placed at
a predetermined distance from the surface of the glass sheet,
thereby constricting the amount of warp in the glass sheet;
these samples are labeled “Shielded” in FIGS. 21A and 21B.

FIGS. 21A and 21B show pre-ceram conditions for low
ATs of a glass sheet that is force in contact and a glass sheet
that is shielded. FIGS. 21A and 21B also show the warp and
stresses in those glass sheets. The warp of the shielded glass
sheet is 20 um and there are average stresses of 3.34 MPa in
the shielded glass sheet, and the warp of the force in contact
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glass sheet is 37 um and there are average stresses of 2.10
MPa in the force in contact glass sheet. FIGS. 21A and 21B
show post-ceram conditions for low ATs of a glass sheet that
is force in contact and a glass sheet that is shielded. FIGS.
21A and 21B also show the warp and stresses in those glass
sheets. The warp of the shielded glass sheet is 110 um and
there are average stresses of 1.06 MPa in the shielded glass
sheet, and the warp of the force in contact glass sheet is 111
um and there are average stresses of 0.87 MPa in the force
in contact glass sheet. FIGS. 21A and 21B graphically depict
the warp of the post-ceram shielded glass sheet and the
post-ceram force in contact glass sheet.

FIGS. 21A and 21B show pre-ceram conditions for high
ATs of a glass sheet that is force in contact and a glass sheet
that is shielded. FIGS. 21A and 21B also show the warp and
stresses in those glass sheets. The warp of the shielded glass
sheet is 33 um and there are average stresses of 2.02 MPa in
the shielded glass sheet, and the warp of the force in contact
glass sheet is 56 um and there are average stresses of 1.98
MPa in the force in contact glass sheet. FIGS. 21A and 21B
show post-ceram conditions for high ATs of a glass sheet
that is force in contact and a glass sheet that is shielded.
FIGS. 21A and 21B also show the warp and stresses in those
glass sheets. The warp of the shielded glass sheet is 1517 um
and there are average stresses of 8.10 MPa in the shielded
glass sheet, and the warp of the force in contact glass sheet
is 34 um and there are average stresses of 12.43 MPa in the
force in contact glass sheet. FIGS. 21A and 21B graphically
depict the warp of the post-ceram shielded glass sheet and
the post-ceram force in contact glass sheet.

As shown in FIGS. 21A and 21B thermal gradients (ATs)
in the glass sheets during ceramming can cause warping
and/or stresses in the glass sheet. Without being bound by
any particular theory, these thermal gradients may be caused
by the exothermic crystallization during the ceramming
process.

During ceramming of stacks of glass sheets, the tempera-
ture increase within the glass stack during heating from the
nucleation stage to the crystallization stage exceeds the
temperature increase in the atmosphere in the heating cham-
ber surrounding the glass stack. FIG. 22 shows the place-
ment of thermocouples 2-6 within the glass stack. Namely,
thermocouples 2 and 6 are positioned on the left and right
side of the stack, respectively, and thermocouples 3-5 are
positioned in the center of the stack at the bottom, middle,
and top of the stack, respectively. In addition, thermocouples
1 and 7 were placed in the atmosphere of the heating
chamber outside of the stack. FIG. 23 shows the temperature
readings of the thermocouples during a ceramming cycle. As
can be seen in FIG. 23, the thermocouples in the glass stack
(thermocouples 2-6) read temperatures significantly higher
than the thermocouples outside of the stack in the atmo-
sphere of the heating chamber (thermocouples 1 and 7)
during the crystallization step, which is from around 7:20 to
around 7:30. During the temperature hold in the crystalli-
zation step, the temperature readings of the thermocouples
in the glass stack approach the temperature readings of the
thermocouples in the outside of the glass, which indicates
that the exothermic crystallization of the glass sheet causes
a spike in stack temperature during the heating from the
nucleation step to the crystallization step.

This temperature difference between the glass stack and
the atmosphere of the heating chamber increases as the stack
height increases, or in other words, increases as the mass of
glass within the stack increases. Table 2 shows six stack
configurations having different stack heights and, corre-
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spondingly, different mass indexes (mass index is the thick-
ness of the glass sheets multiplied by the number of sheets
in the stack).

5 TABLE 2
Stack Configuration Thickness
(number of sheet in of each Mass
Run stack) sheet (mm) Index
10 1 23 1.11 253
2 23 1.11 253
3 10 1.11 11.0
4 15 1.11 16.5
5 23 1.11 253
6 3 4.3 12.9
15

The COR ceramming cycle disclosed above was run on
stacks having the configurations disclosed in Table 2 above.
FIG. 24 graphically depicts the results of this test, which

5 Were conducted on sheets have dimensions—other than
thickness—of 260 mmx680 mm. As disclosed above, the
COR ceramming cycle heats the atmosphere of a heating
chamber, such as, for example a lehr or an oven, from a
nucleation hold of about 540° C. to a crystalline growth
temperature of 740° C., where the atmosphere of the heating
chamber is held at 740° C. for a duration of time. Thus, glass
stacks that have the smallest effect of the exothermic crys-
tallization will have maximum temperatures that are closest
to 740° C. As shown in FIG. 24, glass stacks having a lower
30 mass index will have a maximum temperature. In particular,
Runs 3 and 4 in Table 2, which include stacks having a mass
index of 11.0 and 16.5, respectively, have maximum tem-
peratures that are closer to 740° C. than Runs 1, 2, and 5,
which all include stacks having a mass index of 23. This data
indicates that stacks having lower mass indexes will have
less effects of the exothermic crystallization and, thereby
will have less temperature gradients and less warp.

The impact of the exothermic crystallization is further
confirmed by a comparison of two cycles using the configu-
40 ration of Run 6 in Table 2 above. In the first cycle glass
sheets were used that underwent nucleation and crystalliza-
tion, and in the second cycle the same crystallized glass
sheets used for the first cycle were subjected to the cycle
again. In this way, a comparison is made of sheets that
undergo crystallization in the first cycle and sheets that do
not undergo crystallization in the second cycle—because the
sheets were already crystallized in the first cycle. Accord-
ingly, little to no exothermic crystallization is expected in
the second cycle because the sheets have already undergone
50 crystallization and will not crystallize a second time. This is
confirmed as shown in FIG. 25, which graphically depicts
the results of the stack temperature during the cycle. In FIG.
25 the glass sheets showed increased temperatures during
the cycle (particularly during the crystallization step), while
the crystallized sheets did not show increased temperature
during the cycle. However, the temperatures of the glass
stack and the temperatures of the crystallized stacks are
relatively similar during the other parts of the cycle and only
differ significantly while heating from the nucleation step to
60 the growth step (i.e., the temperature range where significant

crystallization events and exothermic reactions are known to

occur). FIG. 26 graphically compares the temperature read-
ings of thermocouples within the stack and thermocouples
outside of the stack using the thermocouple configuration
5 disclosed in FIG. 22. As shown in FIG. 26, the temperature
within the stack does not exceed the temperature in the air
surrounding the stack for these crystallized sheets.
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The exothermic crystallization can also effect the tem-
perature gradients across the stack. Using the thermocouple
configuration disclosed in FIG. 22, temperatures at multiple
locations within the stack are measured during the cycle. For
the stack of crystallized sheets, the temperature is more
uniform throughout the stack, as shown in FIG. 26. Thus, the
magnitude of the thermal gradients throughout the stack
increases with increased magnitude of overshoot. The stack
of glass sheets, which experiences the exothermic reactions
due to crystallization during this thermal treatment, show
increased thermal gradients above 700° C. As shown above,
thermal gradients in the glass sheets can lead to increased
warp and/or stresses in the sheets.

To moderate the temperature gradients that occur during
the ceramming cycle, in embodiments, stacks of glass sheets
have a mass index less than or equal to 35, such as less than
or equal to 34, less than or equal to 33, less than or equal to
32, less than or equal to 31, less than or equal to 30, less than
or equal to 29, less than or equal to 28, less than or equal to
27, less than or equal to 26, less than or equal to 25, less than
or equal to 24, less than or equal to 23, less than or equal to
22, less than or equal to 21, less than or equal to 20, less than
or equal to 19, less than or equal to 18, less than or equal to
17, less than or equal to 16, less than or equal to 15, less than
or equal to 14, less than or equal to 13, less than or equal to
12, less than or equal to 11, or less than or equal to 10. It
should be understood that the minimum mass index is not
limited and can be any number greater than O.

Sheet Configuration

According to various embodiments herein, the thickness
uniformity of the glass sheets 108 is controlled to decrease
the warp of the glass ceramic article. In FIG. 27, the
maximum warp for glass stacks of 10 glass sheets and 24
glass sheets for both as-rolled glass and lapped glass is
shown. As shown in FIG. 27, for glass stacks including
as-rolled glass sheets with a maximum thickness variation of
64 um, the maximum warp was significantly increased as
compared to glass stacks including lapped glass sheets with
a maximum thickness variation of 21 pm. Additionally, as
demonstrated by the data in FIG. 28, the flatness of the setter
plate 104 (as described above) has an impact that is limited
by the variability of the thickness of the glass sheets. In
particular, FIG. 28 shows that for a 10-glass sheet stack
configuration of as-rolled glass, a 78 um reduction in the
flatness of the setter plate has a limited impact on the warp
of the glass ceramic article. Accordingly, following sheet
formation, in various embodiments, the glass sheets may be
machined or otherwise processed to reduce the thickness
variability of the glass sheets.

In various embodiments, the edge bead may be removed
from glass sheets to decrease the amount of warp observed
in the glass ceramic article. It is believed that the edge beads
have higher thickness non-uniformity and therefore contrib-
ute to warp during the ceramming process. In particular, in
embodiments in which a single sheet of glass is subjected to
the ceramming process (e.g., not incorporated into a glass
stack), the removal of the edge bead can reduce warp in the
glass sheet. As shown in FIG. 29A, the removal of the edge
bead (approximately 10 mm on each side of the glass sheet)
decreases the maximum flatness by 56 um as compared to
the glass sheet without removal of the edge bead (FIG. 29B).
Additionally, as shown in FIG. 30, the stress in the glass
ceramic article is reduced when the bead is removed (bot-
tom) as compared to when the glass ceramic article is
cerammed including the bead (top). However, unexpectedly,
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removal of the edge bead from glass sheets incorporated into
a glass stack during the ceramming process results in
increased warp in embodiments in which a parting agent
layer is not also incorporated into the glass stack. Without
being bound by theory, it is believed that the increase in
surface area contact resulting from the removal of the edge
beads of adjacent glass sheets provides additional area for
sticking to occur. Accordingly, in embodiments in which the
edge bead is removed and the glass sheet is to be incorpo-
rated into a glass stack, a parting agent layer is incorporated.

In various embodiments, part size is also taken into
account to control warp and stress in the glass ceramic
article. As shown in FIG. 31, the critical AT decreases with
part size. In particular, the critical AT is the AT at which
stress and warp may be induced for various part lengths and
widths. Accordingly, for larger parts, a larger AT may be
acceptable without inducing warp or buckling into the final
glass ceramic article.

Accordingly, in various embodiments, the thickness
variation of the glass sheets can be controlled individually
and throughout the glass stack, such as by edge bead
removal and lapping, to reduce the warp and stress imparted
to the glass ceramic article.

Composition of Glass or Glass Ceramic Precursors

Embodiments of glass or glass ceramic precursor com-
positions are provided in both weight percent (wt %) and
mole percent (mol %) below. The compositions are provided
in their respective percentages on an oxide basis.

Compositions in Weight Percent

The glass sheets 108 may be made from any glass
composition that is suitable for forming glass ceramic
articles, although it should be understood that the glass
composition of the glass sheets 108 can impact the mechani-
cal and optical properties of the glass ceramic article. In
various embodiments, the glass composition is selected such
that the resultant glass ceramic article has a petalite crys-
talline phase and a lithium silicate crystalline phase and
wherein the petalite crystalline phase and the lithium silicate
crystalline phase have higher weight percentages than other
crystalline phases present in the glass ceramic article.

By way of example and not limitation, in various embodi-
ments, the glass sheets 108 may be formed from a glass
composition including from about 55 wt % to about 80 wt
% Si0,, from about 0 wt % to about 20 wt % Al,O;, from
about 5 wt % to about 20 wt % Li,0O, from about 0 wt % to
about 10 wt % B,0;, from about 0 wt % to about 5 wt %
Na,O, from about 0 wt % to about 10 wt % ZnO, from about
0.5 wt % to about 6 wt % P,0O5, and from about 0.2 wt %
to about 15 wt % ZrO,. In embodiments, the glass or glass
ceramic precursors may comprise alkali salts, such as K,O,
Rb,0, or Cs,0.

Si0,, an oxide involved in the formation of glass, can
function to stabilize the networking structure of glasses and
glass-ceramics. In various glass compositions, the concen-
tration of SiO, should be sufficiently high in order to form
petalite crystal phase when the glass sheet is heat treated to
convert to a glass-ceramic. The amount of SiO, may be
limited to control the melting temperature of the glass, as the
melting temperature of pure SiO, or high-SiO, glasses is
undesirably high. In some embodiments, the glass or glass-
ceramic composition comprises from about 55 wt % to about
80 wt % SiO,. In some embodiments, the glass or glass-
ceramic composition comprises from about 69 wt % to about
80 wt % SiO,. In some embodiments, the glass or glass-
ceramic composition can comprise from about 55 wt % to
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about 80 wt %, about 55 wt % to about 77 wt %, about 55
wt % to about 75 wt %, about 55 wt % to about 73 wt %,
about 60 wt % to about 80 wt %, about 60 wt % to about 77
wt %, about 60 wt % to about 75 wt %, about 60 wt % to
about 73 wt %, about 69 wt % to about 80 wt %, about 69
wt % to about 77 wt %, about 69 wt % to about 75 wt %,
about 69 wt % to about 73 wt %, about 70 wt % to about 80
wt %, about 70 wt % to about 77 wt %, about 70 wt % to
about 75 wt %, about 70 wt % to about 73 wt %, about 73
wt % to about 80 wt %, about 73 wt % to about 77 wt %,
about 73 wt % to about 75 wt %, about 75 wt % to about 80
wt %, about 75 wt % to about 77 wt %, or about 77 wt %
to about 80 wt % SiO,.

Al,O, may also provide stabilization to the network and
also provides improved mechanical properties and chemical
durability. If the amount of Al,O, is too high, however, the
fraction of lithium silicate crystals may be decreased, pos-
sibly to the extent that an interlocking structure cannot be
formed. The amount of Al,O; can be tailored to control
viscosity. Further, if the amount of Al,O; is too high, the
viscosity of the melt is also generally increased. In some
embodiments, the glass or glass-ceramic composition can
comprise from about 0 wt % to about 20 wt % Al,O;. In
some embodiments, the glass or glass-ceramic composition
can comprise from about 6 wt % to about 9 wt % Al,O;. In
some embodiments, the glass or glass-ceramic composition
can comprise from about 2 wt % to about 20 wt %, about 2
wt % to about 18 wt %, about 2 wt % to about 15 wt %, about
2 wt % to about 12 wt %, about 2 wt % to about 10 wt %,
about 2 wt % to about 9 wt %, about 2 wt % to about 8 wt
%, about 2 wt % to about 5 wt %, about 5 wt % to about 20
wt %, about 5 wt % to about 18 wt %, about 5 wt % to about
15 wt %, about 5 wt % to about 12 wt %, about 5 wt % to
about 10 wt %, about 5 wt % to about 9 wt %, about 5 wt
% to about 8 wt %, 6 wt % to about 20 wt %, about 6 wt %
to about 18 wt %, about 6 wt % to about 15 wt %, about 6
wt % to about 12 wt %, about 6 wt % to about 10 wt %, about
6 wt % to about 9 wt %, 8 wt % to about 20 wt %, about 8
wt % to about 18 wt %, about 8 wt % to about 15 wt %, about
8 wt % to about 12 wt %, about 8 wt % to about 10 wt %,
10 wt % to about 20 wt %, about 10 wt % to about 18 wt %,
about 10 wt % to about 15 wt %, about 10 wt % to about 12
wt %, about 12 wt % to about 20 wt %, about 12 wt % to
about 18 wt %, or about 12 wt % to about 15 wt % Al,O;.

In the glass and glass-ceramics herein, [i,O aids in
forming both petalite and lithium silicate crystal phases. In
fact, to obtain petalite and lithium silicate as the predomi-
nant crystal phases, it is desirable to have at least about 7 wt
% Li,0 in the composition. Additionally, it has been found
that once Li,O gets too high (greater than about 15 wt %),
the composition becomes very fluid. Accordingly, in some
embodiments, the glass or glass-ceramic composition can
comprise from about 5 wt % to about 20 wt % Li,O. In other
embodiments, the glass or glass-ceramic composition can
comprise from about 10 wt % to about 14 wt % L[i,0. In
some embodiments, the glass or glass-ceramic composition
can comprise from about 5 wt % to about 20 wt %, about 5
wt % to about 18 wt %, about 5 wt % to about 16 wt %, about
5 wt % to about 14 wt %, about 5 wt % to about 12 wt %,
about 5 wt % to about 10 wt %, about 5 wt % to about 8 wt
%, about 7 wt % to about 20 wt %, about 7 wt % to about
18 wt %, about 7 wt % to about 16 wt %, about 7 wt % to
about 14 wt %, about 7 wt % to about 12 wt %, about 7 wt
% to about 10 wt %, about 10 wt % to about 20 wt %, about
10 wt % to about 18 wt %, about 10 wt % to about 16 wt %,
about 10 wt % to about 14 wt %, about 10 wt % to about 12
wt %, about 12 wt % to about 20 wt %, about 12 wt % to
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about 18 wt %, about 12 wt % to about 16 wt %, about 12
wt % to about 14 wt %, about 14 wt % to about 20 wt %,
about 14 wt % to about 18 wt %, about 14 wt % to about 16
wt %, about 16 wt % to about 20 wt %, about 16 wt % to
about 18 wt %, or about 18 wt % to about 20 wt % Li,0.

As noted above, Li,O is generally useful for forming
various glass-ceramics, but the other alkali oxides tend to
decrease glass-ceramic formation and form an aluminosili-
cate residual glass in the glass-ceramic. It has been found
that more than about 5 wt % Na,O or K,O, or combinations
thereof, leads to an undesirable amount of residual glass,
which can lead to deformation during crystallization and
undesirable microstructures from a mechanical property
perspective. The composition of the residual glass may be
tailored to control viscosity during crystallization, minimiz-
ing deformation or undesirable thermal expansion, or con-
trol microstructure properties. Therefore, in general, the
glass sheets may be made from glass compositions having
low amounts of non-lithium alkali oxides. In some embodi-
ments, the glass or glass-ceramic composition can comprise
from about 0 wt % to about 5 wt % R,O, wherein R is one
or more of the alkali cations Na and K. In some embodi-
ments, the glass or glass-ceramic composition can comprise
from about 1 wt % to about 3 wt % R,O, wherein R is one
or more of the alkali cations Na and K. In some embodi-
ments, the glass or glass-ceramic composition can comprise
from 0 wt % to about 5 wt %, 0 wt % to about 4 wt %, 0 wt
% to about 3 wt %, 0 wt % to about 2 wt %, 0 wt % to about
1 wt %, >0 wt % to about 5 wt %, >0 wt % to about 4 wt
%, >0 wt % to about 3 wt %, >0 wt % to about 2 wt %, >0
wt % to about 1 wt %, about 1 wt % to about 5 wt %, about
1 wt % to about 4 wt %, about 1 wt % to about 3 wt %, about
1 wt % to about 2 wt %, about 2 wt % to about 5 wt %, about
2 wt % to about 4 wt %, about 2 wt % to about 3 wt %, about
3 wt % to about 5 wt %, about 3 wt % to about 4 wt %, or
about 4 wt % to about 5 wt % Na,O, K,O, or combinations
thereof.

The glass and glass-ceramic compositions can include
P,0O5. P,O5 can function as a nucleating agent to produce
bulk nucleation. If the concentration of P,Oj is too low, the
precursor glass does crystallize, but only at higher tempera-
tures (due to a lower viscosity) and from the surface inward,
yielding a weak and often deformed body. However, if the
concentration of P,Oys is too high, the devitrification, upon
cooling during the formation of the glass sheets, can be
difficult to control. Embodiments can include from >0 wt %
to about 6 wt % P,O,. Other embodiments can include from
about 2 wt % to about 4 wt % P,O;. Still other embodiments
can include from about 1.5 wt % to about 2.5 wt % P,O5. In
some embodiments, the glass or glass-ceramic composition
can include from 0 wt % to about 6 wt %, 0 wt % to about
5.5 wt %, 0 wt % to 5 wt %, 0 wt % to about 4.5 wt %, 0
wt % to about 4 wt %, 0 wt % to about 3.5 wt %, 0 wt %
to about 3 wt %, 0 wt % to about 2.5 wt %, 0 wt % to about
2 wt %, 0 wt % to about 1.5 wt %, 0 wt % to about 1 wt %,
>0 wt % to about 6 wt %, >0 wt % to about 5.5 wt %, >0
wt % to 5 wt %, >0 wt % to about 4.5 wt %, >0 wt % to about
4 wt %, >0 wt % to about 3.5 wt %, >0 wt % to about 3 wt
%, >0 wt % to about >2.5 wt %, 0 wt % to about 2 wt %,
>0 wt % to about 1.5 wt %, >0 wt % to about 1 wt %, about
0.5 wt % to about 6 wt %, about 0.5 wt % to about 5.5 wt
%, about 0.5 wt % to 5 wt %, about 0.5 wt % to about 4.5
wt %, about 0.5 wt % to about 4 wt %, about 0.5 wt % to
about 3.5 wt %, about 0.5 wt % to about 3 wt %, about 0.5
wt % to about 2.5 wt %, about 0.5 wt % to about 2 wt %,
about 0.5 wt % to about 1.5 wt %, about 0.5 wt % to about
1 wt %, about 1 wt % to about 6 wt %, about 1 wt % to about
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5.5 wt %, about 1 wt % to 5 wt %, about 1 wt % to about
4.5 wt %, about 1 wt % to about 4 wt %, about 1 wt % to
about 3.5 wt %, about 1 wt % to about 3 wt %, about 1 wt
% to about 2.5 wt %, about 1 wt % to about 2 wt %, about
1 wt % to about 1.5 wt %, about 1.5 wt % to about 6 wt %,
about 1.5 wt % to about 5.5 wt %, about 1.5 wt % to 5 wt
%, about 1.5 wt % to about 4.5 wt %, about 1.5 wt % to
about 4 wt %, about 1.5 wt % to about 3.5 wt %, about 1.5
wt % to about 3 wt %, about 1.5 wt % to about 2.5 wt %,
about 1.5 wt % to about 2 wt %, about 2 wt % to about 6 wt
%, about 2 wt % to about 5.5 wt %, about 2 wt % to 5 wt
%, about 2 wt % to about 4.5 wt %, about 2 wt % to about
4 wt %, about 2 wt % to about 3.5 wt %, about 2 wt % to
about 3 wt %, about 2 wt % to about 2.5 wt %, about 2.5 wt
% to about 6 wt %, about 2.5 wt % to about 5.5 wt %, about
2.5 wt % to 5 wt %, about 2.5 wt % to about 4.5 wt %, about
2.5 wt % to about 4 wt %, about 2.5 wt % to about 3.5 wt
%, about 2.5 wt % to about 3 wt %, about 3 wt % to about
6 wt %, about 3 wt % to about 5.5 wt %, about 3 wt % to
5 wt %, about 3 wt % to about 4.5 wt %, about 3 wt % to
about 4 wt %, about 3 wt % to about 3.5 wt %, about 3.5 wt
% to about 6 wt %, about 3.5 wt % to about 5.5 wt %, about
3.5 wt % to 5 wt %, about 3.5 wt % to about 4.5 wt %, about
3.5 wt % to about 4 wt %, about 4 wt % to about 6 wt %,
about 4 wt % to about 5.5 wt %, about 4 wt % to 5 wt %,
about 4 wt % to about 4.5 wt %, about 4.5 wt % to about 6
wt %, about 4.5 wt % to about 5.5 wt %, about 4.5 wt % to
about 5 wt %, about 5 wt % to about 6 wt %, about 5 wt %
to about 5.5 wt %, or about 5.5 wt % to about 6 wt % P,O;.

In various glass and glass-ceramic compositions, it is
generally found that ZrO, can improve the stability of
Li,0—Al1,0,—S8i0,—P,04 glass by significantly reducing
glass devitrification during forming and lowering liquidus
temperature. At concentrations above 8 wt %, ZrSiO, can
form a primary liquidus phase at a high temperature, which
significantly lowers liquidus viscosity. Transparent glasses
can be formed when the glass contains over 2 wt % ZrO,.
The addition of ZrO, can also help decrease the petalite
grain size, which aids in the formation of a transparent
glass-ceramic. In some embodiments, the glass or glass-
ceramic composition can comprise from about 0.2 wt % to
about 15 wt % ZrO,. In some embodiments, the glass or
glass-ceramic composition can include from about 2 wt % to
about 4 wt % ZrO,. In some embodiments, the glass or
glass-ceramic composition can comprise from about 0.2 wt
% to about 15 wt %, about 0.2 wt % to about 12 wt %, about
0.2 wt % to about 10 wt %, about 0.2 wt % to about 8 wt %,
about 0.2 wt % to about 6 wt %, about 0.2 wt % to about 4
wt %, about 0.5 wt % to about 15 wt %, about 0.5 wt % to
about 12 wt %, about 0.5 wt % to about 10 wt %, about 0.5
wt % to about 8 wt %, about 0.5 wt % to about 6 wt %, about
0.5 wt % to about 4 wt %, about 1 wt % to about 15 wt %,
about 1 wt % to about 12 wt %, about 1 wt % to about 10
wt %, about 1 wt % to about 8 wt %, about 1 wt % to about
6 wt %, about 1 wt % to about 4 wt %, about 2 wt % to about
15 wt %, about 2 wt % to about 12 wt %, about 2 wt % to
about 10 wt %, about 2 wt % to about 8 wt %, about 2 wt
% to about 6 wt %, about 2 wt % to about 4 wt %, about 3
wt % to about 15 wt %, about 3 wt % to about 12 wt %, about
3 wt % to about 10 wt %, about 3 wt % to about 8 wt %,
about 3 wt % to about 6 wt %, about 3 wt % to about 4 wt
%, about 4 wt % to about 15 wt %, about 4 wt % to about
12 wt %, about 4 wt % to about 10 wt %, about 4 wt % to
about 8 wt %, about 4 wt % to about 6 wt %, about 8 wt %
to about 15 wt %, about 8 wt % to about 12 wt %, about 8
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wt % to about 10 wt %, about 10 wt % to about 15 wt %,
about 10 wt % to about 12 wt %, or about 12 wt % to about
15 wt % ZrO,.

B,O; is conducive to providing a glass sheet with a low
melting temperature. Furthermore, the addition of B,O; in
the glass sheet and thus the glass-ceramic article helps
achieve an interlocking crystal microstructure and can also
improve the damage resistance of the glass-ceramic article.
When boron in the residual glass is not charge balanced by
alkali oxides or divalent cation oxides, it will be in trigonal-
coordination state (or three-coordinated boron), which opens
up the structure of the glass. The network around these three
coordinated boron is not as rigid as tetrahedrally coordinated
(or four-coordinated) boron. Without being bound by theory,
it is believed that glass sheets and glass-ceramics that
include three-coordinated boron can tolerate some degree of
deformation before crack formation. By tolerating some
deformation, the Vickers indentation crack initiation values
are increased. Fracture toughness of the glass sheets and
glass-ceramics that include three-coordinated boron may
also be increased. Without being bound by theory, it is
believed that the presence of boron in the residual glass of
the glass-ceramic (and glass sheet) lowers the viscosity of
the residual glass (or glass sheet), which facilitates the
growth of lithium silicate crystals, especially large crystals
having a high aspect ratio. A greater amount of three-
coordinated boron (in relation to four-coordinated boron) is
believed to result in glass-ceramics that exhibit a greater
Vickers indentation crack imitation load. In some embodi-
ments, the amount of three-coordinated boron (as a percent
of'total B,O;) may be about 40% or greater, 50% or greater,
75% or greater, 85% or greater, or even 95% or greater. The
amount of boron in general should be controlled to maintain
chemical durability and mechanical strength of the cer-
ammed bulk glass-ceramic.

In one or more embodiments, the glass or glass-ceramic
composition comprises from 0 wt % to about 10 wt % or
from 0 wt % to about 2 wt % B,O;. In some embodiments,
the glass or glass-ceramic composition can comprise from 0
wt % to about 10 wt %, 0 wt % to about 9 wt %, 0 wt % to
about 8 wt %, 0 wt % to about 7 wt %, 0 wt % to about 6
wt %, 0 wt % to about 5 wt %, 0 wt % to about 4 wt %, 0
wt % to about 3 wt %, 0 wt % to about 2 wt %, 0 wt % to
about 1 wt %, >0 wt % to about 10 wt %, >0 wt % to about
9 wt %, >0 wt % to about 8 wt %, >0 wt % to about 7 wt
%, >0 wt % to about 6 wt %, >0 wt % to about 5 wt %, >0
wt % to about 4 wt %, >0 wt % to about 3 wt %, >0 wt %
to about 2 wt %, >0 wt % to about 1 wt %, about 1 wt % to
about 10 wt %, about 1 wt % to about 8 wt %, about 1 wt
% to about 6 wt %, about 1 wt % to about 5 wt %, about 1
wt % to about 4 wt %, about 1 wt % to about 2 wt %, about
2 wt % to about 10 wt %, about 2 wt % to about 8 wt %,
about 2 wt % to about 6 wt %, about 2 wt % to about 4 wt
%, about 3 wt % to about 10 wt %, about 3 wt % to about
8 wt %, about 3 wt % to about 6 wt %, about 3 wt % to about
4 wt %, about 4 wt % to about 5 wt %, about 5 wt % to about
8 wt %, about 5 wt % to about 7.5 wt %, about 5 wt % to
about 6 wt %, or about 5 wt % to about 5.5 wt % B,O;.

MgO can enter petalite crystals in a partial solid solution.
In one or more embodiments, the glass or glass-ceramic
composition can comprise from 0 wt % to about 8 wt %
MgO. In some embodiments, the glass or glass-ceramic
composition can comprise from 0 wt % to about 8 wt %, 0
wt % to about 7 wt %, 0 wt % to about 6 wt %, 0 wt % to
about 5 wt %, 0 wt % to about 4 wt %, 0 wt % to about 3
wt %, 0 wt % to about 2 wt %, 0 wt % to about 1 wt %, about
1 wt % to about 8 wt %, about 1 wt % to about 7 wt %, about
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1 wt % to about 6 wt %, about 1 wt % to about 5 wt %, about
1 wt % to about 4 wt %, about 1 wt % to about 3 wt %, about
1 wt % to about 2 wt %, about 2 wt % to about 8 wt %, about
2 wt % to about 7 wt %, about 2 wt % to about 6 wt %, about
2 wt % to about 5 wt %, about 2 wt % to about 4 wt %, about
2 wt % to about 3 wt %, about 3 wt % to about 8 wt %, about
3 wt % to about 7 wt %, about 3 wt % to about 6 wt %, about
3 wt % to about 5 wt %, about 3 wt % to about 4 wt %, about
4 wt % to about 8 wt %, about 4 wt % to about 7 wt %, about
4 wt % to about 6 wt %, about 4 wt % to about 5 wt %, about
5 wt % to about 8 wt %, about 5 wt % to about 7 wt %, about
5 wt % to about 6 wt %, about 6 wt % to about 8 wt %, about
6 wt % to about 7 wt %, or about 7 wt % to about 8 wt %
MgO.

7ZnO can enter petalite crystals in a partial solid solution.
In one or more embodiments, the glass or glass-ceramic
composition can comprise from 0 wt % to about 10 wt %
ZnO. In some embodiments, the glass or glass-ceramic
composition can comprise from 0 wt % to about 10 wt %,
0 wt % to about 9 wt %, 0 wt % to about 8 wt %, 0 wt %
to about 7 wt %, 0 wt % to about 6 wt %, 0 wt % to about
5wt %, 0 wt % to about 4 wt %, 0 wt % to about 3 wt %,
0 wt % to about 2 wt %, 0 wt % to about 1 wt %, about 1
wt % to about 10 wt %, about 1 wt % to about 9 wt %, about
1 wt % to about 8 wt %, about 1 wt % to about 7 wt %, about
1 wt % to about 6 wt %, about 1 wt % to about 5 wt %, about
1 wt % to about 4 wt %, about 1 wt % to about 3 wt %, about
1 wt % to about 2 wt %, about 2 wt % to about 10 wt %,
about 2 wt % to about 9 wt %, about 2 wt % to about 8 wt
%, about 2 wt % to about 7 wt %, about 2 wt % to about 6
wt %, about 2 wt % to about 5 wt %, about 2 wt % to about
4 wt %, about 2 wt % to about 3 wt %, about 3 wt % to about
10 wt %, about 3 wt % to about 9 wt %, about 3 wt % to
about 8 wt %, about 3 wt % to about 7 wt %, about 3 wt %
to about 6 wt %, about 3 wt % to about 5 wt %, about 3 wt
% to about 4 wt %, about 4 wt % to about 10 wt %, about
4 wt % to about 9 wt %, about 4 wt % to about 8 wt %, about
4 wt % to about 7 wt %, about 4 wt % to about 6 wt %, about
4 wt % to about 5 wt %, about 5 wt % to about 10 wt %,
about 5 wt % to about 9 wt %, about 5 wt % to about 8 wt
%, about 5 wt % to about 7 wt %, about 5 wt % to about 6
wt %, about 6 wt % to about 10 wt %, about 6 wt % to about
9 wt %, about 6 wt % to about 8 wt %, about 6 wt % to about
7 wt %, about 7 wt % to about 10 wt %, about 7 wt % to
about 9 wt %, about 7 wt % to about 8 wt %, about 8 wt %
to about 10 wt %, about 8 wt % to about 9 wt %, or about
9 wt % to about 10 wt % ZnO.

In various embodiments, the glass or glass-ceramic com-
position may further include one or more constituents, such
as, by way of example and not limitation, TiO,, CeO,, and
SnO,. Additionally or alternatively, antimicrobial compo-
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nents may be added to the glass or glass-ceramic composi-
tion. Antimicrobial components that may be added to the
glass or glass-ceramic may include, but are not limited to,
Ag, AgO, Cu, CuO, Cu,0, and the like. In some embodi-
ments, the glass or glass-ceramic composition may further
include a chemical fining agent. Such fining agents include,
but are not limited to, SnO,, As,O;, Sb,0;, F, Cl, and Br.
Additional details on glass and/or glass-ceramic composi-
tions suitable for use in various embodiments may be found
in, for example, U.S. Patent Application Publication No.
2016/0102010 entitled “High Strength Glass-Ceramics Hav-
ing Petalite and Lithium Silicate Structures,” filed Oct. 8,
2015, which is incorporated by reference herein in its
entirety.

Compositions in Mole Percent

In embodiments, the glass or glass ceramic compositions
may be expressed in mol % rather than wt % as described
above. In such embodiments, the precursor glasses and
glass-ceramics described herein may be generically
described as lithium-containing aluminosilicate glasses or
glass-ceramics and comprise SiO,, Al,O;, and Li,O. In
addition to Si0,, Al,O;, and Li,0, the glasses and glass-
ceramics embodied herein may further contain alkali salts,
such as Na,O, K,O, Rb,O, or Cs,0, as well as P,Os, and
Zr0O, and a number of other components as described below.
In some embodiments, the precursor glass (before ceram-
ming) and/or the glass-ceramic (after ceramming) may have
the following composition in mole percentage on an oxide
basis:

Si0,: 60-72%;

AL O5: 0-6%;

Li,0: 20-32%;

B,0;: 0-2%j;

Na,O: 0-2%;

K,0: 0-2%;

P,0Os: 0.7-2.2%; and

Zr0,: 1.7-4.5%.

In some embodiments, precursor glass and/or the glass-
ceramic may have the following optional additional com-
ponents in mole percentage on an oxide basis:

SnO,: 0.05-0.5%;

Fe,0;: 0-0.5%;

MgO: 0-1%;

Zn0O: 0-1%;

BaO: 0-1%;

SrO: 0-1%;

La,0;: 0-1%;

GeO,: 0-1%; and

Ta,Os5: 0-1%.

Exemplary precursor glass and glass-ceramic composi-
tions in mol % on a metal oxide basis, are listed in Table 3
below.

TABLE 3
Composition 1 2 3 4 5 6 7
Si0, (mol %) 70.52 62 70.7 69.3 69.8 70.5 70.3
Al,O; (mol %) 4.27 0 4.3 4.2 4.3 4.3 4.3
B,0O; (mol %) 0 0 0 1.5 0 0 0
Li,O (mol %) 22.07 31 22.1 22.1 22 22 22
Na,O (mol %) 0.05 1.5 0 0.1 0 0.2 0.5
K,0 (mol %) 0.09 0 0 0 0 0 0
P,05 (mol %) 0.85 2 0.9 0.8 0.9 0.9 0.9
Z10, (mol %) 1.97 3 2 1.9 3 2 2
Sn0, (mol %) 0.15 0 0 0 0 0 0
Fe,0; (mol %) 0.02 0 0 0 0 0 0
Li,O/R,0 0.99 0.95 1.00 1.00 1.00 0.99 0.98
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TABLE 3-continued
Composition 8 9 10 11 12 13
SiO, (mol %) 70 71.2 70.9 70.3 70.2 70.30
ALO; (mol %) 43 4.6 49 3.8 43 423
B,0, (mol %) 0 0 0 0 0 0
Li,O (mol %) 21.9 21.2 21.3 22 21.9 21.36
Na,0 (mol %) 1 0 0 0 0 151
K,0 (mol %) 0 0 0 0 0 0
P,O5 (mol %) 0.9 0.9 0.9 0.9 0.9 0.87
710, (mol %) 2 2 2 3 2.7 1.66
SnO, (mol %) 0 0 0 0 0 0
Fe,0, (mol %) 0 0 0 0 0 0

Li,O/R,0 0.96 1.00 1.00 1.00 1.00 0.93
15

In some embodiments, the glass or glass-ceramic com-
position comprises from about 60 to about 72 mol % SiO,.
In some embodiments, the glass or glass-ceramic composi-
tion can comprise from about 60 to about 72 mol %, about
60 to about 70 mol %, about 60 to about 67 mol %, about
60 to about 65 mol %, 65 to about 72 mol %, about 65 to
about 70 mol %, about 65 to about 67 mol %, and all ranges
and subranges there between SiO,. In some embodiments,
the glass or glass-ceramic composition comprises about 60,
61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, or 72 mol % SiO,.

In some embodiments, the glass or glass-ceramic com-
position can comprise from about 0 to about 6 mol % Al,O,
and all ranges and subranges there between. In some
embodiments, the glass or glass-ceramic composition can
comprise about 1, 2, 3, 4, 5, or 6 mol % Al,O,.

In some embodiments, the glass or glass-ceramic com-
position can comprise from about 20 to about 32 mol %,
about 20 to about 30 mol %, about 20 to about 27 mol %,
about 20 to about 25 mol %, about 25 to about 32 mol %,
about 25 to about 30 mol %, and all ranges and subranges
there between Li,O. In some embodiments, the glass or
glass-ceramic composition can comprise about 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 31, or 32 mol % Li,O.

As noted above, Li,O is generally useful for forming the
embodied glass-ceramics, but the other alkali oxides tend to
decrease glass-ceramic formation and form an aluminosili-
cate residual glass in the glass-ceramic. It has been found
that more if the amount of other alkali metal oxides, such as
Na,O, K,O0, Rb,0, Cs,0, is too high there can be an
undesirable amount of residual glass which can lead to
deformation during crystallization and undesirable micro-
structures from a mechanical property perspective. The
composition of the residual glass may be tailored to control
viscosity during crystallization, minimizing deformation or
undesirable thermal expansion, or control microstructure
properties. Therefore, in general, the compositions described
herein have low amounts of non-lithium alkali oxides. In
some embodiments, the glass or glass-ceramic composition
can comprise a ratio of Li,O (mol %)/R,0 (mol %) greater
than about 0.85 to 1.0, from greater than 0.85 to 0.97, from
greater than 0.85 to 0.95, from 0.86 to 1.0, from 0.86 t0 0.97,
from 0.86 to 0.95, from 0.87 to 1.0, from 0.87 to 0.97, from
0.87 to 0.95, from 0.88 to 1.0, from 0.88 to 0.97, from 0.88
to 0.95, from 0.89 to 1.0, from 0.89 to 0.97, from 0.89 to
0.95, from 0.9 to 1.0, from 0.9 to 0.97, from 0.9 to 0.95, from
0.91 to 1.0, from 0.91 to 0.97, from 0.91 to 0.95, from 0.92
to 1.0, from 0.92 t0 0.97, from 0.93 to 1.0, from 0.93 t0 0.97,
from 0.94 to 1.0, from 0.95 to 1.0, from 0.96 to 1.0, from
0.97 to 1.0 and all ranges and subranges there between. R,O
is the sum of all alkali metal oxides including Li,0, Na,O,
K,0, Rb,0, and Cs,O. In some embodiments the glass or
glass-ceramic composition can comprise a ratio of Li,O
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(mol %)/R,0O (mol %) greater than or equal to about 0.85,
0.86, 0.87,0.88, 0.89, 0.9, 0.91, 0.92, 0.93, 0.94, 0.95, 0.96,
0.97, 0.98, or 0.99.

The glass and glass-ceramic compositions can include
P,Os. P,O; can function as a nucleating agent to produce
bulk nucleation. If the concentration of P,Os is too low, the
precursor glass does crystallize, but only at higher tempera-
tures (due to a lower viscosity) and from the surface inward,
yielding a weak and often deformed body; however, if the
concentration of P,Oys is too high, the devitrification, upon
cooling during precursor glass forming, can be difficult to
control. Embodied compositions can comprise from 0.7 to
about 2.2 mol %, 0.7 to about 2 mol %, 0.7 to about 1.5 mol
%, 0.7 to about 1 mol %, about 1 to about 2.2 mol %, about
1 to about 2 mol %, about 1.5 to about 2.2 mol %, and all
ranges and subranges there between P,Os. In some embodi-
ments, the glass or glass-ceramic composition can comprise
about 0.7, 0.8, 09, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8,
1.9, 2.0, 2.1, or 2.2 mol % P,0s,.

In the glass and glass-ceramics herein, it is generally
found that ZrO, can improve the stability of Li,O—AIL,O;—
Si0,—P,05 glass by significantly reducing glass devitrifi-
cation during forming and lowering liquidus temperature.
The addition of ZrO, can also help decrease the grain size of
the crystals, which aids in the formation of a transparent
glass-ceramic. In some embodiments, the glass or glass-
ceramic composition can comprise from about 1.7 to about
4.5 mol %, about 1.7 to about 4 mol %, about 1.7 to about
3.5 mol %, about 1.7 to about 3 mol %, about 1.7 to 2.5 mol
%, about 2 to about 4.5 mol %, 2 to about 4 mol %, about
2 to about 3.5 mol %, about 2 to about 3 mol %, about 2.5
to about 4.5 mol %, about 2.5 to 4 mol %, about 2.5 to about
3.5 mol %, and all ranges and subranges there between
Zr0,. In some embodiments, the glass or glass-ceramic
composition can comprise about 1.7, 1.8, 1.9, 2.0, 2.1, 2.2,
23,2.4,2.5,26,2.7,2.8,2.9,3.0,3.1,3.2,3.3,3.4,3.5,3.6,
3.7,3.8,3.9,4.0,4.1, 42,43, 44, or 4.5 mol % ZrO,.

B,O; is conducive to providing a precursor glass with a
low melting temperature. Furthermore, the addition of B,O,
in the precursor glass and thus the glass-ceramics helps
achieve an interlocking crystal microstructure and can also
improve the damage resistance of the glass-ceramic. When
boron in the residual glass is not charge balanced by alkali
oxides or divalent cation oxides, it will be in trigonal-
coordination state (or three-coordinated boron), which opens
up the structure of the glass. The network around these
three-coordinated boron is not as rigid as tetrahedrally
coordinated (or four-coordinated) boron. Without being
bound by theory, it is believed that precursor glasses and
glass-ceramics that include three-coordinated boron can
tolerate some degree of deformation before crack formation.
By tolerating some deformation, the Vickers indentation
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crack initiation values are increased. Fracture toughness of
the precursor glasses and glass-ceramics that include three-
coordinated boron may also be increased. Without being
bound by theory, it is believed that the presence of boron in
the residual glass of the glass-ceramic (and precursor glass)
lowers the viscosity of the residual glass (or precursor glass),
which facilitates the growth of lithium silicate crystals,
especially large crystals having a high aspect ratio. A greater
amount of three-coordinated boron (in relation to four—
coordinated boron) is believed to result in glass-ceramics
that exhibit a greater Vickers indentation crack initiation
load. In some embodiments, the amount of three-coordi-
nated boron (as a percent of total B,O;) may be about 40%
or greater, 50% or greater, 75% or greater, about 85% or
greater or even about 95% or greater. The amount of boron
in general should be controlled to maintain chemical dura-
bility and mechanical strength of the cerammed bulk glass-
ceramic.

In one or more embodiments, the glasses and glass-
ceramic herein can comprise from 0 to about 2 mol % and
all ranges and subranges there between. In some embodi-
ments, the glass or glass-ceramic composition can comprise
about 0, >0, 0.1, 0.2,0.3,0.4, 0.5, 0.6, 0.7, 0.8,0.9, 1.0, 1.1,
1.2,1.3,14,15,16,1.7,1.8, 1.9, or 2 mol % B,O,.

In one or more embodiments, the glasses and glass-
ceramics herein can comprise from 0 to about 0.5 mol %
SnO,. In some embodiments, the glass or glass-ceramic
composition can comprise from 0 to about 0.5 mol %, 0 to
about 0.4 mol %, 0 to about 0.3 mol %, 0 to about 0.2 mol
%, 0 to about 0.1 mol %, about 0.05 to about 0.5 mol %, 0.05
to about 0.4 mol %, 0.05 to about 0.3 mol %, 0.05 to about
0.2 mol %, 0.05 to about 0.1 mol %, about 0.1 to about 0.5
mol %, about 0.1 to about 0.4 mol %, about 0.1 to about 0.3
mol %, about 0.1 to about 0.2 mol %, about 0.2 to about 0.5
mol %, about 0.2 to about 0.4 mol %, about 0.2 to about 0.3
mol %, about 0.3 to about 0.5 mol %, about 0.3 to about 0.4
mol %, about 0.4 to about 0.5 mol %, and all ranges and
subranges there between SnO,. In some embodiments, the
glass or glass-ceramic composition can comprise about O,
>0, 0.05, 0.1, 0.2, 0.3, 0.4, or 0.5 mol % SnO,.

When the amount of transmission metal oxides, for
example Fe,O,, are too high they can affect the color of the
glass-ceramic and thereby affect the transparency of the
glass-ceramic. In some embodiments, the glass and/or glass-
ceramic composition can comprise less than 0.5 mol %, 0.4
mol %, 0.3 mol %, 0.2 mol %, 0.1 mol %, or 0.05 mol %
Fe,O;.

In various embodiments, the glass compositions can be
manufactured into sheets via processes, including but not
limited to, slot draw, float, rolling, and other sheet-forming
processes known to those skilled in the art. It should also be
understood that the compositions disclosed herein—whether
in wt % or mol %—are on an oxide basis of the precursor
glass or glass ceramic compositions before the ceramming
process, unless explicitly states otherwise.

Heating Conditions for Forming Glass Ceramic Articles

In one or more embodiments, the processes for making
glass-ceramic includes heat treating the precursor glasses at
one or more preselected temperatures for one or more
preselected times to induce glass homogenization and crys-
tallization (i.e., nucleation and growth) of one or more
crystalline phases (e.g., having one or more compositions,
amounts, morphologies, sizes or size distributions, etc.). In
some embodiments, the heat treatment may include (i)
heating precursor glasses at a rate of 0.01-50° C./min to a
nucleation temperature (Tn); (ii) maintaining the crystalliz-
able glasses at the nucleation temperature for first predeter-
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mined period of time (ty) to produce a nucleated crystalliz-
able glass compositions; (iii) heating the nucleated
crystallizable glasses at a rate in the range from about 0.01°
C./min to about 50° C./min to a crystallization temperature
(Te); (iv) maintaining the nucleated crystallizable glasses at
the crystallization temperature for a second predetermined
period of time (t.) to produce the glass-ceramic articles
described herein; and (v) cooling the formed glass-ceramic
to room temperature. The terms “ceram” or “ceramming”, in
the preceding embodiments, may be used to refer to steps
(iii), (iv) and optionally (v), collectively. In some embodi-
ments, the nucleation temperature can be in a range from
500° C. to 650° C. (for example, 500° C., 510° C., 520° C.,
530° C., 540° C., 550° C., 560° C., 570° C., 580° C., 590°
C., 600° C., 610° C., 620° C., 630° C., 640° C., or 650° C.)
and all ranges and subranges there between; and/or the
crystallization temperature can be in a range from 680° C. to
800° C. (for example, 680° C., 690° C., 700° C., 710° C.,
720° C., 730° C., 740° C., 750° C., 760° C., 770° C., 780°
C., 790° C., or 800° C.) and all ranges and subranges there
between. In some embodiments, the first predetermined time
for maintaining the nucleation temperature can be in a range
from 1 minute to 6 hours (for example 1 minute, 5 minutes,
10 minutes, 20 minutes, 30 minutes, 40 minutes, 50 minutes,
1 hour, 1.5 hours, 2 hours, 2.5 hours, 3 hours, 3.5 hours, 4
hours, 4.5 hours, 5 hours, 5.5 hours, or 6 hours) and all
ranges and subranges there between. In some embodiments,
the second predetermined time for maintaining the crystal-
lization temperature can be in a range from 1 minute to 4
hours (for example 1 minute, 5 minutes, 10 minutes, 20
minutes, 30 minutes, 40 minutes, 50 minutes, 1 hour, 1.5
hours, 2 hours, 2.5 hours, 3 hours, 3.5 hours, or 4 hours) and
all ranges and subranges there between. In some embodi-
ments, the crystallization temperature depends on whether a
transparent or translucent/opaque glass-ceramic is desired.
In some embodiments, a crystallization temperature of about
750° C. or below will result in a transparent glass-ceramic
and a crystallization temperature above about 750° C. will
result in a translucent/opaque glass-ceramic. In some
embodiments, the glass can be heated from room tempera-
ture to a nucleation temperature of 570° C. at a rate of 5°
C./min, maintained at the nucleation temperature for 4
hours, then heated to the crystallization temperature of 740°
C. at a rate of 5° C./min, and maintained at the crystalliza-
tion temperature for 1 hour.

In some embodiments, there may be one of more addi-
tional temperature holds between the nucleation temperature
and the crystallization temperature. Thus, in some embodi-
ments, after maintaining the article at the nucleation tem-
perature, the article may be heated to one or more interme-
diate temperatures (wherein the intermediate temperatures
are in a range between the nucleation temperature and the
crystallization temperature) and held at the one or more
intermediate temperatures for a predetermined time (for
example, between 1 hour and 4 hours and all ranges and
subranges there between) and then heated to the crystalli-
zation temperature. Example 5 below demonstrates exem-
plary 3-step heat treatment cycles with an intermediate
temperature hold.

In some embodiments, once the composition is heated to
the nucleation temperature, the composition is not main-
tained at the nucleation temperature but instead is continu-
ously heated to one or more intermediate temperatures until
the crystallization temperature is reached (i.e., the tempera-
ture is not maintained at any of the intermediate tempera-
tures or the nucleation temperature). In some embodiments,
the heating rate from room temperature to the nucleation
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temperature, the heating rate from the nucleation tempera-
ture to the intermediate temperature, the heating rate from
the intermediate temperature to the crystallization tempera-
ture vary. In embodiments where there are multiple inter-
mediate temperatures, the heating rate between the indi-
vidual intermediate temperatures may also vary. Example 6
below demonstrates such exemplary heat treatment sched-
ules. In some embodiments, the heating rates may vary and
may be in a range from about 0.01° C./min to about 50°
C./min, about 0.01° C./min, about 0.1° C./min, about 0.5°
C./min, about 1° C./min, about 2° C./min, about 3° C./min,
about 4° C./min, about 5° C./min, about 10° C./min, about
15° C./min, about 20° C./min, about 25° C./min, about 30°
C./min, about 40° C./min, about 45° C./min, about 50°
C./min, and all ranges and subranges there between. In some
embodiments, the heating rate may increase from one heat-
ing rate to another heating rate. In other embodiments, the
heating rate may decrease from one heating rate to another
heating rate.

In some embodiments, the glass-ceramic article is cooled
after being held at the crystallization temperature. In some
embodiments, the glass-ceramic article may be cool to room
temperature in a single stage at a constant cooling rate, in
two stages each with a different cooling rate, or in three or
more stages each with a different cooling rate. In some
embodiments, the glass-ceramic articles are cooled at a
controlled rate from the crystallization temperature in order
to minimize temperature gradients across the articles as well
as minimize residual stress across the articles. Temperature
gradients and differences in residual stress may lead to the
articles warping during cooling. Thus, controlling the cool-
ing to control the temperature gradients and residuals
stresses may also minimize warpage of the glass-ceramic
articles.

In some embodiments, as shown for example in FIG. 32,
cooling may occur in two cooling stages. In such embodi-
ments, in the first cooling stage, the temperature cools from
T. (i.e., T —the crystallization temperature) to T, at a first
cooling rate. In the second cooling stage, the temperature
cools from T, to about room temperature (T,,,,) at a second
cooling rate. As shown in FIG. 32, the first cooling rate is
slower than the second cooling rate. The first cooling rate
during the first stage is slow to minimize the temperature
gradient across the glass-ceramic article. In some embodi-
ments, the temperature T, where the transition from the first
cooling stage to the second cooling stage occurs is deter-
mined based on the temperature below which the glass-
ceramic article behaves as an elastic material. Without be
bound by theory, it is believed that the slower cooling rate
of the first cooling stage is only needed to control the
temperature gradients until the glass-ceramic article reaches
the temperature below which it behaves as an elastic mate-
rial. In some embodiments, temperature T, may be in a range
from 450° C. to 550° C. and all ranges and subranges there
between. In some embodiments, temperature T, may be less
than or equal to 550° C., 540° C., 530° C., 520° C., 510° C,,
500° C., 490° C., 480° C., 470° C., 460° C., or 450° C. In
some embodiments, the temperature drop in the first cooling
stage (T,,,.=T,) is less than the temperature drop in the
second cooling stage (T,-Tg,,,). Without be bound by
theory, it is believed that temperature gradients that develop
in the first cooling stage have a greater effect on the residual
stresses (and therefore warp) in the glass-ceramic article
upon reaching room temperature (in the form of optical
retardance) than temperature gradients that develop in the
second cooling stage. Thus, in some embodiments, after
controlled cooling in the first cooling stage, the glass-
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ceramic article may be allowed to cool to room temperature
in an uncontrolled cooling environment.

In some embodiments, as shown for example in FIG. 33,
the cooling cycle may have an intermediate cooling stage in
between the first cooling stage and the second cooling stage
for a total of three cooling stages. In such embodiments, in
the first cooling stage, the temperature cools from T, . (i.e.,
T —the crystallization temperature) to T, at a first cooling
rate. In the intermediate cooling stage, the temperature cools
from T, to T, at a second cooling rate. In the second stage,
the temperature cools from T, to about room temperature
(Troom) at a third cooling rate. As shown in FIG. 34, the
cooling rate increases with each stage such that (i) the first
cooling rate during the first cooling stage is less than the
second cooling rate during the intermediate cooling stage
and the third cooling rate during the second cooling stage
and (i1) the second cooling rate during the intermediate
cooling stage is less than the third cooling rate during the
second cooling stage. In some embodiments, (i) the tem-
perature drop in the first cooling stage (T,,,,—7T) is less than
the temperature drop in the intermediate cooling stage
(T,-T,) and the temperature drop in the second cooling
stage (T,~Txz,,») and (ii) the temperature drop in the inter-
mediate cooling stage (T,-T,) is less than the temperature
drop in the second cooling stage (T,-Tx,,,.). The interme-
diate cooling stages allows for a faster cooling cycle while
still minimizing temperature gradients and residual stress. In
some embodiments, T,,, may be about 740° C., T, may be
about 640° C., and T, may be about 580° C.

In some embodiments, when having multiple cooling
stages in the cooling cycle, the temperature gradients across
the glass-ceramic article during the first cooling stage may
be less than 15° C., less than 14° C., less than 13° C., less
than 12° C., less than 11° C., less than 10° C., less than 9°
C., less than 8° C., less than 7° C., less than 6° C., less than
5° C., less than 4° C., or less than 3° C. and/or the optical
retardance at room temperature of the less than 15 nm/mm
of thickness, less than 14 nm/mm of thickness, less than 13
nm/mm of thickness, less than 12 nm/mm of thickness, less
than 11 nm/mm of thickness, less than 10 nm/mm of
thickness, less than 9 nm/mm of thickness, less than 8
nm/mm of thickness, less than 7 nm/mm of thickness, less
than 6 nm/mm of thickness, less than 5 nm/mm of thickness,
less than 4 nm/mm of thickness, or less than 3 nm/mm of
thickness. The optical retardation may be measured accord-
ing to ASTM F218-13.

Upon performing the above heat treatments to the pre-
cursor glass, the resultant glass-ceramic has one or more
crystalline phases and a residual glass phase. In some
embodiments, the glass-ceramic contains the following
exemplary crystalline phases: lithium disilicate, petalite,
p-spodumene solid solution, -quartz solid solution, lithium
metasilicate, virgilite, cristobalite, lithium phosphate, bad-
deleyite and zirconia and any combinations thereof.

In some embodiments, lithium disilicate is the crystalline
phase with the highest weight percentage. Lithium disilicate,
Li,81,0s, is an orthorhombic crystal based on corrugated
sheets of {Si,05} tetrahedral arrays. The crystals are typi-
cally tabular or lath-like in shape, with pronounced cleavage
planes. Glass-ceramics based on lithium disilicate offer
highly desirable mechanical properties, including high body
strength and fracture toughness, due to their microstructures
of randomly-oriented interlocked crystals—a crystal struc-
ture that forces cracks to propagate through the material via
tortuous paths around these crystals. In some embodiments,
the weight percentage of the lithium disilicate crystalline
phase in the glass-ceramic compositions can be in a range
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from about 20 to about 60 wt %, about 20 to about 55 wt %,
about 20 to about 50 wt %, about 20 to about 45 wt %, about
20 to about 40 wt %, about 20 to about 35 wt %, about 20
to about 30 wt %, about 20 to about 25 wt %, about 25 to
about 60 wt %, about 25 to about 55 wt %, about 25 to about
50 wt %, about 25 to about 45 wt %, about 25 to about 40
wt %, about 25 to about 35 wt %, about 25 to about 30 wt
%, about 30 to about 60 wt %, about 30 to about 55 wt %,
about 30 to about 50 wt %, about 30 to about 45 wt %, about
30 to about 40 wt %, about 30 to about 35 wt %, about 35
to about 60 wt %, about 35 to about 55 wt %, about 35 to
about 50 wt %, about 35 to about 45 wt %, about 35 to about
40 wt %, about 40 to about 60 wt %, about 40 to about 55
wt %, about 40 to about 50 wt %, about 40 to about 45 wt
%, about 45 to about 60 wt %, about 45 to about 55 wt %,
about 45 to about 50 wt %, about 50 to about 60 wt %, about
50 to about 55 wt %, or about 55 to about 60 wt %. In some
embodiments, the glass-ceramic has 20, 21, 22, 23, 24, 25,
26,27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,
42,43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57,
58, 59, or 60 wt % lithium disilicate crystalline phase.

In some embodiments, petalite is the crystalline phase
with the highest weight percentage. Petalite, [iAlSi,O,, is
a monoclinic crystal possessing a three-dimensional frame-
work structure with a layered structure having folded Si,O4
layers linked by Li and Al tetrahedral. The Li is in tetrahe-
dral coordination with oxygen. The mineral petalite is a
lithium source and is used as a low thermal expansion phase
to improve the thermal downshock resistance of glass-
ceramic or ceramic parts. Moreover, glass-ceramic articles
based on the petalite phase can be chemically strengthened
in a salt bath, during which Na* (and/or K*) replaces Li* in
the petalite structure, which causes surface compression and
strengthening. In some embodiments, the weight percentage
of the petalite crystalline phase in the glass-ceramic com-
positions can be in a range from about 20 to about 70 wt %,
about 20 to about 65 wt %, about 20 to about 60 wt %, about
20 to about 55 wt %, about 20 to about 50 wt %, about 20
to about 45 wt %, about 20 to about 40 wt %, about 20 to
about 35 wt %, about 20 to about 30 wt %, about 20 to about
25 wt %, about 25 to about 70 wt %, about 25 to about 65
wt %, about 25 to about 60 wt %, about 25 to about 55 wt
%, about 25 to about 50 wt %, about 25 to about 45 wt %,
about 25 to about 40 wt %, about 25 to about 35 wt %, about
25 to about 30 wt %, about 30 to about 70 wt %, about 30
to about 65 wt %, about 30 to about 60 wt %, about 30 to
about 55 wt %, about 30 to about 50 wt %, about 30 to about
45 wt %, about 30 to about 40 wt %, about 30 to about 35
wt %, about 35 to about 70 wt %, about 35 to about 65 wt
%, about 35 to about 60 wt %, about 35 to about 55 wt %,
about 35 to about 50 wt %, about 35 to about 45 wt %, about
35 to about 40 wt %, about 40 to about 70 wt %, about 40
to about 65 wt %, about 40 to about 60 wt %, about 40 to
about 55 wt %, about 40 to about 50 wt %, about 40 to about
45 wt %, about 45 to about 70 wt %, about 45 to about 65
wt %, about 45 to about 60 wt %, about 45 to about 55 wt
%, about 45 to about 50 wt %, about 50 to about 70 wt %,
about 50 to about 65 wt %, about 50 to about 60 wt %, about
50 to about 55 wt %, about 55 to about 70 wt %, about 55
to about 65 wt %, about 55 to about 60 wt %, about 60 to
about 70 wt %, about 60 to about 65 wt %, or about 65 to
about 70 wt %. In some embodiments, the glass-ceramic has
about 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33,
34,35, 36,37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49,
50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65,
66, 67, 68, 69, or 70 wt % petalite crystalline phase.
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Accordingly, in embodiments, the glass ceramics may
comprise a combined weight percent of lithium disilicate
and petalite crystalline phase that is greater than or equal to
40 wt %, such as greater than or equal to 42 wt %, greater
than or equal to 44 wt %, greater than or equal to 46 wt %,
greater than or equal to 48 wt %, greater than or equal to 50
wt %, greater than or equal to 52 wt %, greater than or equal
to 54 wt %, greater than or equal to 56 wt %, greater than
or equal to 58 wt %, greater than or equal to 60 wt %, greater
than or equal to 62 wt %, greater than or equal to 64 wt %,
greater than or equal to 66 wt %, greater than or equal to 68
wt %, greater than or equal to 70 wt %, greater than or equal
to 72 wt %, greater than or equal to 74 wt %, greater than
or equal to 76 wt %, greater than or equal to 78 wt %, greater
than or equal to 80 wt %, greater than or equal to 82 wt %,
greater than or equal to 84 wt %, or greater than or equal to
85 wt %. In some embodiments, the crystalline phases other
than lithium disilicate and petalite have a total wt % in the
glass-ceramic article of less than 5 wt %, less than 4 wt %,
less than 3 wt %, less than 2 wt %, or less than 1 wt %.

In embodiments, the glass ceramic may comprise lithium
phosphate as a third crystalline phase. In embodiments, at
least 80% of the phosphate present in the glass ceramic is
present as lithium phosphate, such as at least 85%, at least
90%, or at least 95%. The Raman peak height ratio of
petalite to lithium phosphate is, in embodiments, from 1.1 to
1.3, and the Raman peak height ration of lithium disilicate
to lithium phosphate is from 1.0 to 1.2.

In some embodiments, the glass-ceramic has a residual
glass content of about 5 to about 30 wt %, about 5 to about
25 wt %, about 5 to about 20 wt %, about 5 to about 15 wt
% about 5 to about 10 wt %, about 10 to about 50 wt %,
about 10 to about 45 wt %, about 10 to about 40 wt %, about
10 to about 35 wt %, about 10 to about 30 wt %, about 10
to about 25 wt %, about 10 to about 20 wt %, about 10 to
about 15 wt %, about 15 to about 50 wt %, about 15 to about
45 wt %, about 15 to about 40 wt %, about 15 to about 35
wt %, about 15 to about 30 wt %, about 15 to about 25 wt
%, about 15 to about 20 wt %, about 20 to about 50 wt %,
about 20 to about 45 wt %, about 20 to about 40 wt %, about
20 to about 35 wt %, about 20 to about 30 wt % about 20
to about 25 wt %, about 25 to about 30 wt %, and all ranges
and subranges there between. In some embodiments the
residual glass content can be less than or equal to 30, 25, 20,
19, 18, 17, 16, 15, 14, 13, 12, 11, 10, 9,8, 7, 6, 5, 4, 3, 2,
or 1 wt %.

In some embodiments, the glass-ceramic may have a
weight percentage of crystals in a range from greater than 20
wt % to 100 wt %, greater than 20 wt % to 90 wt %, greater
than 20 wt % to 80 wt %, greater than 20 wt % to 70 wt %,
30 wt % to 100 wt %, 30 wt % to 90 wt %, 30 wt % to 80
wt %, 30 wt % to 70 wt %, 40 wt % to 100 wt %, 40 wt %
to 90 wt %, 40 wt % to 80 wt %, 40 wt % to 70 wt %, 50
wt % to 100 wt %, 50 wt % to 90 wt %, 50 wt % to 80 wt
%, 50 wt % to 70 wt %, and all ranges and subranges there
between. In some embodiments, the inner region may have
a weight percentage of crystals greater than 20 wt %, 25 wt
%, 30 wt %, 35 wt %, 40 wt %, 45 wt %, 50 wt %, 55 wt
%, 60 wt %, 65 wt %, 70 wt %, 75 wt %, 80 wt %, 85 wt
%, or 90 wt %.

The grain size of the crystals in the crystalline phases is
a factor that affects the transparency of the glass-ceramic. In
some embodiments, the grains have a longest dimension in
a range from about 5 nm to about 150 nm, about 5 nm to
about 125 nm, about 5 nm to about 100 nm, about 5 nm to
about 75 nm, about 5 nm to about 50 nm, about 25 nm to
about 150 nm, about 25 nm to about 125 nm, about 25 nm
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to about 100 nm, about 25 nm to about 75 nm, about 50 nm
to about 150 nm, about 50 nm to about 125 nm, about 50 nm
to about 100 nm, and all ranges and subranges there
between. In some embodiments, the longest dimension of
the grains is less than 150 nm, less than 125 nm, less than
100 nm, less than 75 nm, less than 50 nm, or less than 25 nm.
The longest dimension of the grains is measured using a
scanning electron microscope (SEM).

In some embodiments, the phase assemblage and heat
treatment conditions are chosen to create a glass-ceramic
article with suitable optical properties, such as transparency
and low haze, for use as a cover glass for a mobile electronic
device. In some embodiments, the glass-ceramic article is
transparent in that it has an average transmittance of 85% or
greater, 86% or greater, 87% or greater, 88% or greater, 89%
or greater, 90% or greater, 91% or greater, 92% or greater,
93% or greater (including surface reflection losses) of light
over the wavelength range from 450 nm to 600 nm for a
glass-ceramic article having a thickness of 1 mm. In other
embodiments, glass-ceramic may be translucent over the
wavelength range from 450 nm to 600 nm. In some embodi-
ments a translucent glass-ceramic can have an average
transmittance in a range from about 20% to less than about
85% of light over the wavelength range of about 450 nm to
about 800 nm for a glass-ceramic article having a thickness
of 1 mm. In some embodiments, the glass-ceramic article
has a haze of less than 0.2, 0.19, 0.18, 0.17, 0.16, 0.15, 0.14,
0.13,0.12, 0.11, or 0.1.

Equation (2) below estimates the haze of a glass-ceramic
article based on the nucleation temperature (T,,), the nucle-
ation hold time (ty), the crystallization temperature (TC),
and the crystallization hold time (tC).

Estimated haze=103-0.260Ty+0.000203 ()~
7.9615+0.1532(2)?—0.0197 —0.000008 (T )~

10.032+0.00597 Ty *t5+0.00463 1 * T o+

0.01342T %z @)

In some embodiments, the nucleation temperature (T,),
the nucleation hold time (t,), the crystallization temperature
(TC), and the crystallization hold time (tC) for the heat
treatment cycle can be selected based on the estimated haze
provide by Equation (2) to have an estimated haze of less
than 0.2, 0.19, 0.18, 0.17, 0.16, 0.15, 0.14, 0.13, 0.12, 0.11,
or 0.1. In some embodiments, the heat treatment may
include (i) heating precursor glasses at a rate of 0.01-50°
C./min to a nucleation temperature (Tn); (ii) maintaining the
crystallizable glasses at the nucleation temperature for first
predetermined period of time (t,) to produce a nucleated
crystallizable glass compositions; (iii) heating the nucleated
crystallizable glasses at a rate in the range from about 0.01°
C./min to about 50° C./min to a crystallization temperature
(T,); (iv) maintaining the nucleated crystallizable glasses at
the crystallization temperature for a second predetermined
period of time (t.) to produce the glass-ceramic articles
described herein; and (v) cooling the formed glass-ceramic
to room temperature, such that the value of Equation (2) is
less than 0.2, 0.19, 0.18, 0.17, 0.16, 0.15, 0.14, 0.13, 0.12,
0.11, or 0.1.

Methods for Determining Ceramming Cycles

Controlled bulk nucleation and growth are necessary to
produce a desired glass-ceramic product. Bulk nucleation
(both homogeneous and heterogeneous) is carried out at an
elevated temperature for certain time as shown in FIG. 35A.
Historically, the nucleation temperature and time are chosen
empirically above the glass transition temperature (Tg) or
anneal temperature as shown in FIG. 35B. Similarly, the
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growth temperature and time are also chosen empirically
above the nucleation temperature. The optimized time and
temperature can be achieved by changing both time and
temperature for nucleation and growth stages of processing.
The nucleation and crystal growth events are often overlap-
ping. Therefore, physical properties such as viscosity evolve
as a function of time in both nucleation and growth steps.
However, the rate of the increase in density and/or viscosity
changes when transitioning from the nucleation stage to the
growth stage. When the rate of increase in the density and/or
viscosity changes substantially, ceramming processes might
not yield the desired final glass-ceramic product.

To avoid sagging, sticking, or viscous deformation, the
time and temperature of the cycle should be controlled. Most
conventional methods consist of trial and error based testing
of intuitively designed thermal cycles, which are improved
by materials characterization methods. Some examples of
those characterization methods are the measurement of the
heat flow of the crystallization peak as a function of anneal-
ing time with differential scanning calorimetry or in-situ
analysis of X-ray diffraction peaks with time. Most of these
methods do not assist the developers to find the optimum
conditions for dimensional stability and they are very labor
intensive and time-consuming. To overcome all those draw-
backs, embodiments for creaming glass articles disclosed
and described herein automatically determines ceramming
cycles that will result in desired glass-ceramic articles.
Embodiments of methods for ceramming comprise two
analytical tools: (1) an automatic viscosity controller (AVC)
to determine the cycle in the nucleation step and in the
transitioning heating steps from nucleation to crystal
growth; and (2) a non-contact in-situ density measurement
method that determines the duration of the crystal growth.
The entirety of the ceramming cycle is directly obtained
using these two methods.

The objective of automatic viscosity control (AVC) is to
hold the glass at a constant viscosity to define a time-
temperature cycle with minimum sagging during a glass
ceramming cycle. In this implementation, a constant viscos-
ity is sustained by a) calculating the instantaneous viscosity
using the deflection rate of a glass beam under constant
stress in a 3-point beam bending set-up, and b) changing the
heating/cooling rate dynamically using a proportional-inte-
gral-derivative (PID) control loop that defines the power
output given to the furnace. When the viscosity of the glass
article increases, the PID logic automatically increases the
temperature, and when the viscosity of the glass article
decreases, the PID logic decreases temperature. The PID
control loop ensures a varying power output depending on
the deviation from the target viscosity so that overshoots are
avoided. FIG. 34 displays an embodiment of the implemen-
tation of AVC software logic. FIG. 34 is a PID flow chart that
shows that an instantaneous ramp rate is first calculated
using PID control loop on target viscosity versus the current,
measured viscosity. Subsequently, the PID logic calculates a
ramp rate to calculate the controller setpoint. Next, it is
determined whether the previously calculated setpoint has
changed from the last setter. If the calculated setpoint has
changed, then the controller setpoint is changed and the PID
logic is ended and reset. If the calculated set point has not
changed, then the PID logic is ended and reset.

FIG. 36 shows the communication between the software
logic-furnace and measurement set up according to embodi-
ments. This method was applied to a 3-point bending
viscometer based on the idea of constant stress, known
geometry and varying furnace temperature. As shown in
FIG. 36, a computer, such as a PC is connected to both the
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furnace controller and an analog input device. The furnace
controller modifies parameters within the furnace, such as,
for example temperature based on inputs it receives from the
PC. The furnace is also connected to a linear variable
differential controller (LVDT) that collects outputs from the
furnace, such as outputs related to temperature, viscosity,
etc. and transfers this data to the analog input device. As
previously stated, the PC receives the data from the analog
input device and calculates setpoints, such as temperature
setpoints, to send to the furnace controller. Using such
controls, the viscosity of the glass article can be kept
relatively constant (such as within log viscosity+1.0 poise)
during the nucleation stage.

Time-temperature cycle is obtained by defining a target
constant viscosity where the glass article will be held. In this
step—and according to embodiments—maximum tempera-
ture, maximum heating rate, target viscosity, sample geom-
etry, sample dimensions, sample density, total applied load,
span size of the three-point bending set-up are the only input
in the software. Then following the software logic, as
explained with reference to FIG. 34, the AVC automatically
defines the time-temperature schedule until the beam deflec-
tion (glass viscosity) is out of the measurement range. The
viscosity measurement range is typically good enough to
capture the nucleation step and the transitioning (heating
range change) from the nucleation to the crystal growth
steps. However, the viscosity measurement does not accu-
rately capture the crystal growth stage itself.

An embodiment of the method defined for three different
viscosities by AVC is shown in FIG. 37 After reaching the
target viscosity (e.g., around 11.00 in FIG. 37) the viscosity
is maintained by the AVC until the crystal growth rate is
accelerated (e.g., around 305 minutes). At the crystal growth
stage, the AVC heating rate cannot maintain the constant
viscosity and the viscosity starts to increase. When the
deflection goes below the measurable range swings in vis-
cosity are observed due to the limited reliability of the
viscosity data. Therefore, time-temperature cycle defined by
AVC should be limited to the time when the viscosity cannot
be maintained.

FIG. 38 shows an example of a time-temperature cycle
defined by AVC for 5 different log viscosities of 10.7, 10.8,
10.9,11.0, and 11.1. In FIG. 38, all the cycles reach the same
maximum temperature because 800° C. was inputted as the
maximum temperature in the software. Above this tempera-
ture AVC would not be expected to control viscosity and,
thus, is not monitored or controlled in embodiments. Simi-
larly, after the transition is complete the heating rate is linear
and the same value for each composition. This corresponds
to the maximum heating rate value provided to the software
to avoid overheating when the deflection rate (viscosity) is
out of the measurement range. Therefore, the data obtained
from AVC is limited to the range in the initial nucleation and
the non-linear transition range. Again, this data does not
accurately depict the process during the crystal growth stage.
To measure the process during the crystal growth stage,
in-situ density is monitored.

In-situ density was calculated, according to one or more
embodiments, by measuring the strain in one dimension as
a function of time and temperature and assuming the glass
ceramming process is isotropic. Therefore, there is believed
to be a linear correlation between the volume and one-
dimensional strain. Non-contact dilatometer measurements
were performed using an optical dilatometer purchased from
TA Instruments model DIL806. FIG. 39 shows the measure-
ment apparatus schematically, which includes a light source
that emits light into a disc furnace and to the glass sample.
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After the emitted light contacts the glass sample it is
transmitted to the detector that can determine the changes in
the light received therein, which subsequently can be used to
measure the density of the sample. Basically, this method
involves measurement of the shadow of the sample on both
ends while it is being heat treated in the furnace. The light
source is on the opposite side of the furnace from the
detector, and the movement of the shadow is correlated to
the density changes during the crystal growth process.
Unlike conventional dilatometry, the sample is free standing
on a sample holder and no external force is applied. Cer-
amming processes according to embodiments often occur in
the log viscosity 9-12 poise viscosity range where viscous
flow due to gravitational force is negligible in the process
timescales.

According to embodiments, AVC defined nucleation and
transitioning time-temp cycles are provided to the optical
dilatometer software. Then the final crystal growth tempera-
tures are varied and the isothermal step input is provided
longer than any expected crystal growth duration to assure
the crystal growth process is completed. When the density
increase reaches a saturation point, it is considered that there
is no significant change in the crystal size and, therefore, the
viscosity and the density is constant as a function of time.
This step helps identify any unwanted crystal formation or
unexpected drop in viscosity at higher than needed growth
temperatures. The final assemblage and phase of the glass-
ceramic can be determined and compared to the data col-
lected from density measurements to determine how the
process affects the assemblage and phase of the glass-
ceramic.

As used herein, a constant density refers to an absolute
value of density rate that is less than or equal to 0.10
(g/cm®)/min, such as less than or equal to 0.09 (g/cm’)/min,
less than or equal to 0.08 (g/cm®)/min, less than or equal to
0.07 (g/cm®)/min, less than or equal to 0.06 (g/cm’)/min,
less than or equal to 0.05 (g/cm®)/min, less than or equal to
0.04 (g/cm®)/min, less than or equal to 0.03 (g/cm’)/min,
less than or equal to 0.02 (g/cm’)/min, less than or equal to
0.01 (g/cm®)/min, or 0.00 (g/cm>)/min. These ranges include
all ranges and subranges included in the broadly disclosed
ranges.

FIG. 40 shows the evolution of density at six different
growth temperatures according to an embodiment. When the
density reaches the plateau, the process is considered to be
complete or close to be completed, and with the help of other
characterization methods such as x-ray diffraction (XRD) it
can be confirmed and used as the duration of the last step of
the ceramming process. At high temperatures (i.e., 780° C.
and 800° C.) there is a non-monotonic change in density due
to possibly formation of undesired phases or phase separa-
tion.

According to embodiments, it is desirable to modify the
glass-ceramic ceramming cycle to achieve minimal warp.
In-situ density measurement of the glass-ceramic during the
ceramming process for various ceramming schedules is
shown in FIG. 41. In FIG. 41, the density in grams per cubic
centimeter (as measured on the y-axis) is plotted versus time
in minutes (as measured on the x-axis) is shown. This figure
shows that the glass article not only goes through the
temperature dependent thermal expansion and shrinkage,
but also goes through dynamic, time dependent non-thermal
shrinkage during nucleation, ramping, and growth stages. As
shown in FIG. 41, during the nucleation hold at a constant
temperature (i.e., from about 100 minutes to about 350
minutes) the part is shrinking due to the material change,
indicated by the density increasing. During the ramping



US 11,649,187 B2

55

from nucleation to growth, the density is seen to first
decrease and then increase quickly, the latter in response to
fast crystallization induced material shrinkage.

FIG. 42 shows the in-situ viscosity measurement of the
glass-ceramics during the ceramming process for various
ceramming cycles according to embodiments described in
FIG. 41. In FIG. 42, the y-axis indicates the log viscosity
(log 10) poise and the x-axis indicates the test time in
minutes. The viscosity has similar temperature dependent
and time dependent non-thermal behaviors during the nucle-
ation stage. During the nucleation hold at a constant tem-
perature, the viscosity is increasing with a rate dependent on
the nucleation temperature. During ramping, the viscosity
first decreases and then increases, creating a dipping and a
local minimum. Beam bending viscosity (BBV) measure-
ment data for the precursor glass and ceram are used,
together with the in-situ viscosity measurement data, to
come up a unified ceramming viscosity model, as shown in
FIG. 43. The composition of the glass shown in FIG. 42 is

shown in Table 4 below.
TABLE 4
Component Wt %
Sio, 73.89
ALO, 7.60
P,05 211
Li,0 11.50
Na,0 0.05
K,O 0.15
710, 424
Sno, 0.40
Fe,0, 0.06

Viscoelastic numerical simulations are then performed in
embodiments to understand the impacts of these viscosity
changes on the warp. The numerical modeling discovered
that the local minimum viscosity, combined with in-plane
temperature gradients generated during the ramping, can
trigger viscous buckling and cause warp. FIGS. 44A-44C
show the warp for three hypothetical cycles (A,B,C). Cycle
A is the base case, Cycle B has a faster viscosity increasing
rate during nucleation and has higher minimal viscosity
during ramping, and cycle C has the slower viscosity
increasing rate during nucleation and has lower minimal
viscosity during ramping. The warp values for these cases
are: C>A>B, (shown in FIG. 44C, FIG. 44A, and FIG. 44B,
respectively). Lower minimal viscosity will generate larger
viscous buckling warp. In other words, increasing minimal
viscosity is beneficial for reducing the buckling warp.

FIGS. 45A-45C show the warp for three ceramming
cycles corresponding +10° C. nucleation temperature and
growth temperature. Cycle A is conducted at 560° C. nucle-
ation temperature 4 hr, 730° C. growth temperature 1 hr
(shown in FIG. 45A), cycle D is conducted at 570° C.
nucleation temperature 4 hr, 740° C. growth temperature 1
hr (shown in FIG. 45B), cycle E is conducted at 580° C.
nucleation temperature 4 hr, 750° C. growth temperature 1
hr (shown in FIG. 45C). The warp values for these cases are:
E<D<A. Again it shows the same trend that increasing
minimal viscosity will reduce the buckling warp. In cycle E,
where the minimal viscosity during ramping is kept above
log viscosity 11.0 poise, the resulted warp is very small, such
as <1 pm.

When the objective is to ceram a flat piece of glass with
minimum warp, cycle E would be preferred, in some
embodiments, to other cycles due to low value of minimum
viscosity during the growth ramp. Note that the lower
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viscosity for cycle E during the nucleation phase is less
likely to cause buckling because of lower AT during periods
of temperature hold (compared to periods of temperature
ramp).

More generally, cycles that generate higher “minimum
viscosity” during the “ramp-to-growth” stage—where the
highest AT is observed—may be preferred, in some embodi-
ments, to minimize warp associated with buckling. This
could be referred to as the “minimum viscosity” during the
ramp stage, and the modeling could be used to predict
impact of that minimum value relative to the final warp as
a screening tool.

Besides increasing the local minimal viscosity to reduce
buckling warp, it is also possible to apply some weight
constraining force to increase the buckling threshold. In a
stack configuration, having the weight on the top of the stack
sufficient to prevent buckling of the topmost piece of glass
would ensure that the layers below do not buckle as well.

As the part is put horizontally on the setter material, the
gravity can also generate warp, besides the viscous buckling
induced warp, if the setter is not flat. Viscous sagging
analysis is shown in FIG. 46. In an area of 30 mm diameter,
at log viscosity 11.0 poise and 0.5 hr, the viscous sagging
will reach about 100 um. FIG. 46 suggests that larger area
(>30 mm diameter)/lower viscosity (log viscosity<11
poise)/longer duration (>0.5 hr) will generate viscous sag
>100 um. If the setter has flatness better than 100 pum, the
glass will sag and conform to the setter at those conditions.
If the setter has flatness larger than 100 pm, the viscous sag
will also be larger than 100 pm. Therefore the setter needs
to be flat (e.g., less than or equal to 100 microns) for minimal
gravity induced warp.

When the objective is to form the glass into 3D shapes,
then cycles with lower viscosities would be preferred, in
some embodiments, and the application of forming pressure
would coincide with the periods of low viscosities during the
cycle. 3D forming may be done before nucleation, during
the nucleation, during the nucleation-to-growth ramp, and in
some cases even during the growth hold stage. The right
choice may depend on various factors, such as the 3D
geometry to be formed, viscosities during each stage (which
depends on temperature, time and ramp rates), and warp. For
example, as ceramming 3D formed glass can lead to sub-
stantial warp, forming pre-nucleated glass may be a means
of reducing the final post-ceram warp of the 3D article.

When 3D forming is to be done during the nucleation
hold, cycle E (described above with reference to FIGS.
45A-45C) may be preferred, in some embodiments, to
cycles A and D as it has lower viscosity than the other cycles
for about 100 mins starting at the beginning of the nucleation
hold. Results of FIG. 46 show that for curve E, viscosity is
low enough to cause several millimeters of sag under gravity
within 60 minutes. Thus many 3D shapes can be formed
under these conditions with the aid of additional forming
pressure during the nucleation hold stage. In the case of
one-mold forming, such pressure can be in the form of
partial or full vacuum on the side of the mold, or positive gas
pressure (typically N, or air) on the other side of the forming
mold. In the case of two (or multiple-) mold pressing, the
pressure is applied from both sides.

Alternatively, in embodiments, 3D forming may be done
completely in the nucleation to growth ramp stage. In such
a case, cycle A would be preferred, in some embodiments,
to cycles D and E. In that case, the buckling risk is still
managed due to the mold contact/forming pressure con-
straining force.
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New cycles may also be conceived for forming during
nucleation. As an example, the nucleation temperature can
be increased further, such as to 590° C., 600° C., or even
610° C. during a first part of the cycle, held for just enough
time for the 3D forming to be completed, then lowered for
the rest of the cycle (with shortened duration of nucleation
hold, if needed) so that the final crystal content at the end of
the cycle remains the same as for the base cycle A. The
higher temperatures would create lower viscosities initially
and allow forming of more challenging shapes in a shorter
amount of time. Having the same crystal content as base
case would mean, besides having the desirable distribution
of phases that the low viscosity of curve A during ramp to
growth could be replicated giving another opportunity to
complete 3D forming.

3D forming and ceramming may be done in the same
cycle or in multiple cycles. For example, in one embodi-
ment, the precursor glass may be formed into the 3D shape
and then a separate cycle may be used to ceram the 3D
article. In another embodiment, the glass preform may be
partially or fully “pre-nucleated” in a first cycle, then 3D
formed in a second cycle, and then ceramming may be
completed either in the second cycle or in a third, separate
cycle. As 3D forming can be only done one glass article at
a time, pre-nucleating the glass preform—versus nucleation
and 3D forming in the same cycles—may increase through-
put by allowing stacked configurations in nucleation.

The temperature ramp to growth is a natural choice for 3D
forming when the glass preform is fully pre-nucleated. As
stated earlier, cycle A may be preferred, in some embodi-
ments, to cycles D or E in such a case, because of lower
viscosity during ramp to growth. When the glass is only
partially pre-nucleated, 3D forming may be done either
during nucleation, during the ramp to growth, or partly
during nucleation and partly during the ramp to growth.

To prevent warp of the 3D article during the ceramming
cycle, ceramming may be done on mold (one piece, two
piece, or three piece), temperature gradients should be kept
low (e.g. by using molds of high thermal conductivity
material such as graphite or SiC) and load should be applied
to force the 3D article to remain conformed to the mold
during ceramming.

As disclosed above, precise control of the glass article
temperature is required to achieve a desired glass-ceramic
article. Accordingly, thermal uniformity within the heating
apparatus, such as, for example, a lehr or a furnace, and
within the glass stack is an important attribute of the process,
according to embodiments. For example, in embodiments,
the temperature imparted to the stack varies by less than or
equal to £8° C., such as less than or equal to £7° C., less than
or equal to £6° C., less than or equal to £5° C., or less than
or equal to £4° C., where the temperature is measured on the
glass sheets themselves.

To achieve the above-described thermal uniformity, ther-
mal mapping is conducted on the interior chamber of an
empty heating apparatus before inserting fixtures (such as
the carrier, setters, and glass stack) into the heating appa-
ratus. The thermal mapping of the empty heating apparatus
chamber is conducted to determine the usable heating space
within the heating apparatus chamber by defining the space
that can maintain thermal uniformity within a desired tol-
erance. For example, portions of the heating apparatus
chamber that cannot maintain a thermal uniformity of less
than or equal to +8° C. from the programmed cycle tem-
perature will be excluded from the heating space in which
glass stacks can be placed. Subsequent to mapping the
empty heating apparatus chamber to determine the usable
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heating space, fixtures are placed into the now-defined
heating space and the thermal uniformity with the glass
stacks is measured to determine whether glass sheets within
a given glass stack can be maintained within a desired
temperature tolerance of the programmed cycle temperature.
Once the thermal uniformity is determined, the glass stacks
may be configured and placed into the heating space in such
a way as to take advantage of the thermal uniformity
measurements that were obtained.

Methods for determining thermal uniformity within an
interior chamber of a heating apparatus will now be
described with reference to FIG. 47A and FIG. 47B. The
placement of measurement devices (such as, for example,
thermocouples) within the chamber of the heating apparatus
should, in embodiments, account for the heating apparatus
design, such as, for example, walls, doors, heating elements,
vents, etc. of the chamber of the heating apparatus. The
measurement devices should be placed in locations and
away from design elements so that any thermal non-unifor-
mity caused by such design elements is ameliorated during
the thermal mapping process. In addition, measurement
devices should be placed in the chamber of the heating
apparatus in such a way that thermal uniformity of entire
heating space can be determined. For instance, the measure-
ment devices should be placed within the heating apparatus
chamber such measurements are made at numerous loca-
tions within the chamber of the heating apparatus to mini-
mize any “dead spots” or locations where there are no
measurements.

FIG. 47A and FIG. 47B show the horizontal and vertical
placement, respectively, of measurement devices within the
chamber of a heating apparatus. Initially, an expected heat-
ing space 310 (indicated by the space within the dashed lines
in FIG. 47A and FIG. 47B) is approximated taking into
account the design elements of chamber of the heating
apparatus. As shown in FIG. 47A and FIG. 47B, the
expected heating space 310 is selected such that there is
space between the top, bottom, and side walls of the cham-
ber of the heating apparatus. FIG. 47A shows the horizontal
placement (i.e., view from the top or bottom of the chamber
of the heating apparatus) of measurement devices according
to embodiments. As shown in FIG. 47A there are fifteen
measurement devices (elements 1-15) placed in a spaced
configuration in each horizontal cross-section of the cham-
ber of the heating apparatus. The horizontal placement of
measurement devices 1-15 in the chamber of the heating
apparatus according to the embodiment depicted in FIG.
47A would be expected to provide adequate thermal map-
ping of the horizontal space of the chamber of the heating
apparatus. However, it should be understood that other
horizontal configurations of measurement devices may be
used in alternative embodiments.

Similarly, FIG. 47B shows the vertical placement (i.e.,
side view) of measurement devices in the chamber of a
heating apparatus. As shown in FIG. 47A, three rows of
measurement devices—top, middle, and bottom represented
respectively by “T”, “M”, and “B” in FIG. 47B—are placed
into the chamber of the heating apparatus in a spaced
configuration. The vertical placement of measurement
devices in the top, middle, and bottom rows within the
chamber of the heating apparatus according to the embodi-
ment depicted in FIG. 47B would be expected to provide
adequate thermal mapping of the vertical space of the
chamber of the heating apparatus. However, it should be
understood that other horizontal configurations of measure-
ment devices may be used in alternative embodiments.
When viewed together, FIG. 47A and FIG. 47B show 45
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measurement devices (three rows—top, middle, and bot-
tom—of fifteen measurement devices) in a spaced configu-
ration that would be expected to adequately map the thermal
properties of the expected heating space 310. However, it
should be understood that other configurations of measure-
ment devices may be used in alternative embodiments.

In embodiments, the measurement devices are arranged at
a minimum of each corner, all centerlines, and all center of
volume points within the expected heating space. If ther-
mally non-uniform design elements are present, additional
measurement devices may be placed near such elements to
map the effect of these elements on thermal uniformity and
to determine how close the heating space may come to these
thermally non-uniform design elements. The vertical place-
ment of the measurement devices should account for and
will, in embodiments, dictate the height of the glass stacks
and/or fixtures that may be placed within the chamber of the
heating apparatus. If the top or bottom surface of the
chamber of the heating apparatus is heated or non-heated,
adjacent measurement devices should account for the heater
element locations and any other non-planar surface that may
upset or interrupt the thermal response of the measurement
device. Vertical spacing of an empty chamber of the heating
apparatus is, in one or more embodiments, every 25 mm
from the bottom 320 of the chamber of the heating apparatus
to a distance that is between 50 and 100 mm from the top
330 of the chamber of the heating apparatus.

Once the measurement devices are placed into the empty
chamber of the heating apparatus, a heating cycle is con-
ducted. According to embodiments, the heating cycle may
include the same heating conditions as a cycle for ceram-
ming glass articles. During this heating cycle, the measure-
ment devices periodically or consistently measure the tem-
perature at their respective locations within the chamber of
the heating apparatus. These temperatures that are measured
by the measurement devices can then be analyzed and
compare to determine whether one or more locations within
the chamber of the heating apparatus do not fall within a
desired tolerance, such as, for example £8° C., of the
programmed cycle temperature. If one or more locations of
the chamber of the heating apparatus do not fall within the
desired tolerance, those locations of the chamber of the
heating apparatus will be excluded from the heating space
that can be used in the ceramming cycle. In embodiments, if
one or more locations of the chamber of the heating appa-
ratus do not fall within the desired tolerance additional
thermal mapping may be conducted by moving the mea-
surement devices to exclude the locations within the cham-
ber of the heating apparatus that did not fall within the
desired tolerance and running one or more additional heating
cycles. This process may be repeated any number of times
to determine the heating space within the chamber of the
heating apparatus that can be kept within the desired toler-
ances.

Once the measurement devices are in locations such that
all measured locations of the chamber of the heating appa-
ratus fall within the desired tolerance, the space within the
chamber of the heating apparatus defined by the measure-
ment devices will be considered the heating space. In
embodiments, once the heating space has been determined,
glass stacks and fixtures (such as, for example, carriers) can
be designed and/or configured so that they fit within the
heating space. The designed glass stacks and fixtures are
then loaded into the heating space within the chamber of the
heating apparatus, and the measurement devices in the
center of the heating space are removed to accommodate the
fixtures. A heating cycle that is, in embodiments, the same

20

40

45

55

60

as the heating cycle used to determine the heating space is
conducted to determine the effect that the fixtures have on
the thermal uniformity within the heating space. Adjust-
ments can then be made to the programmed thermal profile
to accommodate for the effect of the fixtures and the glass
stacks.

According to embodiments, after the heating space within
the chamber of the heating apparatus and the effect of the
glass stacks and fixtures on the thermal response have been
determined, the thermal uniformity within glass stacks may
be found by placing measurement devices into the glass
stacks, and removing any measurement devices used to in
the previous steps of determining the heating space and the
effect of the glass stacks and fixtures on the thermal respon-
siveness.

Measurement device placement within the glass stack is
important to provide reliable and repeatable data, according
to embodiments. The thermal conductivity of the glass
should be accounted for in each layer, thus having only one
sheet of glass between the setter and the measurement
device will provide sufficient thermal characterization of the
glass sheets and will capture the thermal influence of the
setter on the stack. Accordingly, the number of measurement
devices included in the glass stack will vary in embodiments
according to the physical dimensions of the glass stack and
the desired detail of the thermal mapping. For instance, in
one or more embodiments, nine measurement devices may
be placed in the stack where three measurement devices are
placed along the centerline of a glass sheet that is below the
top setter; three measurement devices are placed along the
centerline of a glass sheet that is in the geometrical center of
the glass stack; and three measurement devices are placed
along the centerline of a glass sheet that is one sheet above
the bottom setter. The centerline, as used in this example, is
a line drawn lengthwise across the glass sheet substantially
parallel to two edges of the glass sheet and substantially
perpendicular to the other two edges of the glass sheet and
intersecting the geometrical center of the glass sheet. It
should be understood that “substantially parallel” and “sub-
stantially perpendicular” as used herein means that the
centerline is parallel or perpendicular, respectively, to such
edges taking into account irregularities of the edges from
manufacturing. In the embodiment disclosed above where
three measurement devices are placed along a centerline of
a glass sheet, a measurement device (such as, for example,
a thermocouple) is placed on the centerline near the left side
of the glass sheet, a measurement device is placed at the
geometrical center of the glass sheet, and a measurement
device is placed along the centerline of the glass sheet near
the right side of the glass sheet. This configuration is
followed for all three glass sheets in question. The middle
layer of the stack typically provides a median reference of
the entire stack. It should be understood that the above-
disclosed configuration of measurement devices is exem-
plary only and other configurations may be used in embodi-
ments depending on the desired specificity of the thermal
mapping desired. For example, in embodiments where ther-
mal uniformity is to be strictly controlled, more measure-
ment devices will be placed on each glass sheet to get more
detailed thermal mapping. Any number of measurement
devices may be used in the glass stack so long as the number
of measurement devices does not substantially interfere with
the thermal profile of the glass sheets. All layers of the
measurements can then be measured to understand the
thermal profile of the glass response to the thermal profile as
programmed, as discussed in more detail below.
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FIG. 48 shows a stack glass temperature differential (AT)
between the top (i.e., the glass sheet below the top setter),
middle (i.e., the glass sheet at the geometrical center of the
glass stack), and bottom (i.e., the glass sheet above the
bottom setter) of the glass stack as measured by a measure-
ment device positioned at or near the geometrical center of
the respective glass sheet. Such a graph can be used to
understand the magnitude and location of temperature devia-
tions. FIG. 48 shows the temperature of a glass stack having
18 glass sheets and three setters dispersed within the stack
such that there are six glass sheets between two respective
setters. As shown in FIG. 48, the glass sheet located near the
bottom of the glass stack has a lower temperature than both
the glass sheet located near the middle of the glass stack and
the glass sheet located near the top of the glass stack. This
determination becomes integral because post-ceramming
metrology variability of expected attributes, such as color,
haze, stress, phase assemblage, etc. can be impacted by the
time and temperature at which the glass article is cerammed.
Accordingly, understanding and controlling the temperature
differential between glass sheets in the glass stack has an
impact on the final properties of the glass-ceramic article.

The temperature difference from the expected thermal
profile is, in embodiments, measured and analyzed in both
the vertical and horizontal planes. Vertical AT is typically
impacted by setter material selection, glass stack height, and
heating and cooling rates of the process equipment. Hori-
zontal AT is typically impacted by non-uniformities of the
process equipment, placement of the glass stack within the
heating space, and the heating design (how heat is directed
to the glass stack). Controlling the AT within the stack is
important to obtain uniformity of the glass sheets at high
throughputs, according to embodiments. It should be under-
stood that the tolerances for AT will vary depending on the
glass composition as well as the desired attributes of the final
glass-ceramic article.

In embodiments where the glass article has a glass com-
position as disclosed and described herein AT within the
glass stack may be maintained within +5° C. of the pro-
grammed temperature profile during the isothermal hold
(also referred to as “soak”) stages of the ceramming process
(i.e., stages corresponding to the nucleation stage and the
growth stage). When AT is outside of this tolerance in the
isothermal hold during the nucleation and growth stages,
various glass-ceramic sheets from the resulting ceramming
process can have undesirable attributes, such as warp, bow,
haze, etc. FIG. 49 shows results from a glass stack com-
prising eighteen measurement devices. In FIG. 49, the x-axis
is time measured in seconds, the right y-axis is AT in ° C.,
and the left y-axis is temperature of the glass sheets in ° C.
The tight grouping of plotted lines represent the temperature
of the glass sheet (corresponding to the left y-axis), and the
wider grouping of plotted lines show AT of the glass sheets
(corresponding to the right y-axis). As shown in FIG. 49,
during the first ramping cycle where the glass stack is heated
from around ambient to about 570° C., AT—as measured
from the programmed creaming temperature—for some
glass sheets within the glass stack is over 40° C. However,
after the ramping cycle is complete and the isothermal hold
begins, the AT of the glass sheets drops and is maintained at
or below £5° C. during the isothermal hold. In embodiments,
the ceramming cycle is modified based upon the AT mea-
surements obtained.

For instance, it is desirable, in one or more embodiments,
for the duration of the programmed isothermal hold to be
conducted where AT is within £5° C. As shown in FIG. 49,
the isothermal hold at about 570° C. begins before AT of the
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glass stack is within £5° C. of the programmed ceramming
cycle. Thus, the programmed isothermal hold may be
extended such that the original duration of the isothermal
hold is conducted where AT is within +° C. As a non-limiting
example, if the isothermal hold at about 570° C. was
originally programmed to have a duration of 4 hours, it may
be desirable to hold the glass stack at a AT within +5° C. for
a duration of 4 hours (i.e., matching the originally pro-
grammed isothermal hold duration). To achieve this, the
isothermal hold may have to be extended beyond 4 hours to
account for the time that it takes the glass stack to reach a
AT within +5° C. The amount of time that the isothermal
hold is modified may be determined using the data collected
in way as shown in FIG. 49 and determining the amount of
time it takes for the AT of the entire glass stack to be within
+5° C. In one or more embodiments, the duration of the
isothermal hold during the nucleation stage may be modified
by +10%, such as +9%, +8%, +7%, +6%, +5%, +4%., +3%,
+2%, or +1%.

Similarly to the above description, FIG. 49 shows that AT
during the ramp cycle from about 570° C. to about 750° C.
exceeds =5° C. and can reach more than 20° C. in certain
glass sheets within the glass stack. However, as was the case
at the isothermal hold during the nucleation stage at about
570° C., AT returns to within £5° C. after some time at the
isothermal hold at about 750° C. during the growth stage. As
was the case with the isothermal hold at about 570° C., in
embodiments, it may be desirable to maintain the glass
stacks at a AT within +5° C. for the original program
duration of the isothermal hold during the growth stage.
Thus, the duration of the growth stage isothermal hold can
be modified as described above so that the glass stack is
maintained at a AT within £5° C. for the originally pro-
grammed duration of the growth stage isothermal hold. In
one or more embodiments, the duration of the isothermal
hold during the growth stage may be modified by +10%,
such as +9%, +8%, +7%, +6%, +5%, +4%, +3%, +2%, or
+1%.

FIG. 50 represents a detailed look at the thermal response
of a glass stack according to embodiments. The differences
in temperature of individual sheets in the glass stack during
various ramping cycles and the cooling cycle are shown in
the expanded views within the graph of FIG. 50. This
information helps to understand how the glass stack is
thermally responding to the heating profile as programmed.
Deviations of the measured temperature of the glass sheets
from the heating profile as programmed during transition
may or may not impact the glass attribute, but it can limit the
process if the thermal processing equipment is operating at
or near 100% power output to achieve the desired thermal
profile. This data can be used to fine tune the thermal profiles
to improve or maintain attributes of the final glass-ceramic
article.

The temperature profiles within the chamber of the heat-
ing apparatus and within the glass stack provide important
information that can be used, in various embodiments, to
modify the programmed heating profile used during the
ceramming cycle. In some embodiments, these modifica-
tions to the programmed heating profile will improve the
attributes of the final glass-ceramic articles, such as, for
example, the warp, bow, haze, clarity, etc. However, in other
embodiments, these modifications to the programmed heat-
ing cycle may not affect the attributes of the final glass-
ceramic article, but may improve the throughput of the
ceramming process. However, in other embodiments, it may
not be necessary to modify the programmed heating cycle
based on the temperature uniformity that is measured. For
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instance, some end products have very demanding toler-
ances that require very clear, flat glass articles. For such
products, it may be desirable to modify the programmed
heating cycle. However, other end products may have
broader tolerances for glass clarity, color, flatness, and
stress. For such products, it may not be desirable to modity
the programmed heating cycle based on the thermal unifor-
mity within the glass stack.

As discussed in detail above, in embodiments, it may be
desirable to modify the programmed heating cycle in view
of the thermal uniformity data collected. However, it may
also be possible to control the thermal uniformity within the
glass stack. As mentioned above vertical AT, may be con-
trolled by altering the stack configuration, the setter mate-
rial, the setter configuration (such as inserting interlayers
made of the setter material between the top setter and the
bottom setter), etc. Another way that the thermal uniformity
of within the glass stack can be controlled is by using
multistage heating in the ceramming cycle. Slowing the
ramp rate during the nucleation and/or growth stages by
using multistage heating will result in the glass stacks
heating more slowly and, thus, the thermal uniformity of the
glass sheets will be increased. An exemplary embodiment of
multistage heating is disclosed below.

Glass sheet thermal uniformity can be improved by set-
ting the heating sources (e.g., radiation heaters, convection
heaters, etc.) at multiple intermediate levels during heating
due to heating rate moderation. The effectiveness of this
multistage heating operation can be evaluated using full
scale Lehr thermal model assuming capacity with 9 stacks
and 23 glass sheets in each stack on a single carrier. For
heating from room temperature to the nucleation condition,
a nine-stage heating scheme is studied, the controlled heater
temperature levels in each stage are summarized in Table 5.
A significant reduction in the glass sheet temperature varia-
tion is shown in FIG. 51 in comparison with single stage
heating in which the heater is set to the nucleation tempera-
ture of 570° C. With multistage heating, the heating rate is
lowered and longer heating time is required to achieve the
target nucleation temperature. For the nine-stage heating as
mentioned, it takes 180 minutes to reach the nucleation
temperature, while single stage heating is conducted for 100
minutes. The multistage heating can be optimized to lower
the thermal variation below desirable levels without adding

significant amount of heating time.
TABLE 5
Stage 1 2 3 4 5 6 7 8 9
Multistage 400 450 500 500 530 530 540 560 570
C)
Single 570
Stage
<)

The multistage heater setting can be applied to the growth
stage heating as well to reduce the thermal variability on the
glass sheets. The same effect is illustrated in FIG. 52, which
shows the maximum glass sheet temperature variation is
reduced from over 40° C. to about 25° C. with three-stage
heater setting. The actual heater temperature settings for the
three-stage heating are 620° C., 680° C., and 740° C., while
the heater is set to constant level of 740° C. for the single
stage heating.

Maintaining thermal variability at low levels during post
growth cooling is important, in embodiments, to meet glass-
ceramic product stress and warp requirements. By control-
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ling the thermal environment to which the hot glass stacks
radiate heat out, the cooling rate can be moderated, which
potentially lowers the glass sheet thermal variability. In Lehr
operation, this can be implemented by setting the heaters at
multiple intermediate levels during the cooling stage. The
effectiveness of the multi-staged cooling is evaluated using
full scale Lehr thermal model assuming mass production
capacity. The significant reduction in the glass sheet tem-
perature variability is achieved as shown in FIG. 53 in
comparison with single stage cooling. The multistage cool-
ing is carried out in four stages, and the heaters are con-
trolled at 665° C., 590° C., 515° C. and 440° C., respec-
tively. For the single stage cooling, the heater is set at 300°
C. One tradeoff of multistage cooling is the cooling rate is
lower, or longer time is required to achieve the target exit
temperature. For the four-staged cooling as mentioned, the
average cooling rate is 3.3° C., lower than 5.3° C. of the
single stage cooling case.

In view of the above disclosure, the thermal uniformity of
the glass stacks can be partially controlled by the configu-
ration of the glass stack, the setters, and interlayers. In
addition, the thermal uniformity of the glass stack can be
partially controlled by the heating cycles used to heat the
glass stack to the nucleation and growth temperatures. One
or more of these controls may be used in ceramming cycles
where tolerances for thermal uniformity are small, such as
when it is desirable to control AT to be within +5° C.

FIG. 54 shows a conventionally obtained ceramming
cycle (labeled as COR) with two isothermal steps and a
linear heating rate compared to AVC cycles for various
target viscosities. As shown by the overlapping nucleation
and growth steps, there is no isothermal step in the AVC
method and the temperature increases at a relatively slower
rate than the transitioning step. This also helps shorten the
total ceramming duration.

FIG. 55 shows the evolution of density for the same
conventional COR cycle and AVC cycles as shown in FIG.
54. As expected the density stays constant during the nucle-
ation step, so minimum deformation/flow gradient is
observed until the crystals start to grow. Then, the transition
follows a smoother trend unlike the conventional method
where an inevitable non-monotonic behavior is observed
with a sudden drop in density.

Properties of Glass Ceramic Articles

In embodiments, glass ceramic articles may be strength-
ened to have a compressive stress layer on one or more
surface thereof. With reference now to FIG. 56, an exem-
plary cross-sectional side view of a strengthened glass-
ceramic article 100 is depicted having a first surface 102 and
an opposing second surface 104 separated by a thickness (t).
In embodiments, strengthened glass-ceramic article 100 has
been ion exchanged and has a compressive stress (CS) layer
106 (or first region) extending from first surface 102 to a
depth of compression (DOC). In some embodiments, as
shown in FIG. 56. 1, the glass-ceramic article 100 also has
a compressive stress (CS) layer 108 extending from second
surface 104 to a depth of compression DOC'. There is also
a central tension region 110 under tensile stress in between
DOC and DOC'. In some embodiments, DOC and DOC'
may be in a range from greater than 0%t to 0.3%t, 0%t to
0.25%t, 0%t to 0.2*t, 0*t to 0.15%t, 0*t to 0.1*t. 0¥t to 0.05*t.
0.05%t to 0.3*t, 0.05%t to 0.25%t, 0.05%t to 0.2*t, 0.05*%t to
0.15%t, 0.05%t to 0.1*t, 0.1%t to 0.3*%t, 0.1*t to 0.25%t, 0.1%t
to 0.2*t, 0.1*%t to 0.15%t, and all ranges and subranges there
between wherein t is the thickness of the glass ceramic
article 100. For example, the depth of a compressive stress
layer (DOC, DOC") can be greater than 0.05%t, 0.06%t,
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0.07*t, 0.08%t, 0.09*t, 0.1*t, 0.11*¢, 0.12%t, 0.13%*t, 0.14%¢,
0.15%t, 0.16%, 0.17*t, 0.18*t, 0.19%t, 0.2%t, 0.21*t, 0.22%,
0.23*t, 0.24%t, 0.25%t, 0.26%t, 0.27*t, 0.28*t, 0.29%, or
0.3*t. In other embodiments, the depth of a compressive
stress layer (DOC, DOC") is in a range from 0.05 mm to 0.6
mm, 0.05 mm to 0.5 mm, 0.05 mm to 0.4 mm, 0.05 mm to
0.3 mm, 0.05 mm to 0.2 mm, 0.05 mm to 0.1 mm, 0.1 mm
to 0.6 mm, 0.1 mm to 0.5 mm, 0.1 mm to 0.4 mm, 0.1 mm
to 0.3 mm, 0.2 mm to 0.6 mm, 0.2 mm to 0.5 mm, 0.2 mm
to 0.4 mm, and all ranges and subranges there between. In
some embodiments the depth of the compressive stress layer
is greater than or equal to 0.05 mm, 0.06 mm, 0.07 mm, 0.08
mm. 0.09 mm, 0.1 mm. 0.15 mm, 0.2 mm, 0.25 mm, 0.3
mm, 0.35 mm, 0.4 mm. 0.45 mm, 0.5 mm, 0.55 mm or 0.6
mm. In some embodiments DOC may be the same as DOC'.
In other embodiments, DOC may be different than DOC'.

In embodiments, the glass ceramic articles may have a
compressive stress (CS) of greater than 175 MPa, such as
greater than 180 MPa, greater than 185 MPa, greater than
190 MPa, greater than 195 MPa, greater than 200 MPa,
greater than 205 MPa, greater than 210 MPa, greater than
215 MPa, greater than 220 MPa, greater than 225 MPa,
greater than 230 MPa, greater than 235 MPa, greater than
240 MPa, greater than 245 MPa, or greater than 250 MPa.
In embodiments, the glass ceramic articles may have a CS
from 175 MPa to 250 MPa, such as from 180 MPa to 250
MPa, from 185 MPa to 250 MPa, from 190 MPa to 250
MPa, from 195 MPa to 250 MPa, from 200 MPa to 250
MPa, from 205 MPa to 250 MPa, from 210 MPa to 250
MPa, from 215 MPa to 250 MPa, from 220 MPa to 250
MPa, from 225 MPa to 250 MPa, from 230 MPa to 250
MPa, from 235 MPa to 250 MPa, from 240 MPa to 250
MPa, or from 245 MPa to 250 MPa. In embodiments, the
glass ceramic articles may have a CS from 175 MPa to 250
MPa, such as from 200 MPa to 250 MPa, from 200 MPa to
245 MPa, from 200 MPa to 240 MPa, from 200 MPa to 235
MPa, from 200 MPa to 230 MPa, from 200 MPa to 225
MPa, from 200 MPa to 220 MPa, from 200 MPa to 215
MPa, from 200 MPa to 210 MPa, or from 200 MPa to 205
MPa.

In some embodiments, the maximum central tension (CT)
is in a range from greater than 80 MPa to 180 MPa. In some
embodiments, the maximum CT is greater than or equal to
80 MPa, 90 MPa, 100 MPa, 110 MPa, 120 MPa, 130 MPa,
140 MPa, 150 MPa, 160 MPa, or 170 MPa. In some
embodiments, the maximum CT can be in a range from
greater than 80 MPa to 180 MPa, greater than 80 MPa to 170
MPa, greater than 80 MPa to 160 MPa, greater than 80 MPa
to 150 MPa, greater than 80 MPa to 140 MPa, 100 MPa to
180 MPa, 100 MPa to 170 MPa, 100 MPa to 160 MPa, 100
MPa to 150 MPa, 100 MPa to 140 MPa, 110 MPa to 180
MPa, 110 MPa to 170 MPa, 110 MPa to 160 MPa, 110 MPa
to 150 MPa, 110 MPa to 140 MPa, 120 MPa to 180 MPa,
120 MPa to 170 MPa, 120 MPa to 160 MPa, 120 MPa to 150
MPa, 120 MPa to 140 MPa, 130 MPa to 180 MPa, 130 MPa
to 170 MPa, 130 MPa to 1500 MPa or any range and
subranges there between.

In some embodiments, the stored tensile energy of the
glass-ceramic article is in a range from greater than 22 J/m>
to 60 J/m?, greater than 22 J/m? to 55 I/m?, greater than 22
J/m? to 50 J/m?, greater than 22 J/m® to 45 J/m?, greater than
22 J/m? to 40 J/m?, greater than 22 J/m? to 35 J/m?, greater
than 22 J/m? to 30 J/m?, 25 J/m? to 60 J/m?, 25 J/m? to 55
I/m?, 25 J/m? to 50 J/m?, 25 J/m? to 45 J/m?, 25 J/m? to 40
I/m?, 25 J/m? to 35 J/m?, 25 J/m? to 30 J/m?, 30 J/m? to 60
J/m?, 30 J/m? to 55 J/m?, 30 J/m? to 50 J/m>, 30 J/m?> to 45
J/m?, 30 J/m? to 40 J/m?, 30 J/m? to 35 J/m?, 35 J/m? to 60
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J/m?, 35 J/m? to 55 J/m?, 35 J/m? to 50 J/m?, 35 J/m> to 45
J/m?, 35 J/m? to 40 J/m?, 40 J/m? to 60 J/m>, 40 J/m> to 55
J/m?, 40 J/m? to 50 J/m?>, 40 J/m? to 45 J/m?, 45 J/m* to 60
J/m?, 45 J/m* to 55 J/m?, 45 J/m* to 50 J/m?, and all ranges
and subranges there between. In some embodiments, the
stored tensile energy can be greater than or equal to 22 J/m?,
23 J/m?, 24 J/m?, 25 J/m?, 30 J/m?, 35 J/m?, 40 J/m?, 45
J/m?, 50 J/m?, or 55 J/m>.

In some embodiments, the glass-ceramic article has a
thickness t in a range from 0.2 mm to 4 mm, 0.2 mm to 3
mm, 0.2 mm to 2 mm, 0.2 mm to 1.5 mm, 0.2 mm to 1 mm,
0.2 mm to 0.9 mm, 0.2 mm to 0.8 mm, 0.2 mm to 0.7 mm,
0.2 mm to 0.6 mm, 0.2 mm to 0.5 mm, 0.3 mm to 4 mm, 0.3
mm to 3 mm, 0.3 mm to 2 mm, 0.3 mm to 1.5 mm, 0.3 mm
to 1 mm, 0.3 mm to 0.9 mm, 0.3 mm to 0.8 mm, 0.3 mm to
0.7 mm, 0.3 mm to 0.6 mm, 0.3 mm to 0.5 mm, 0.4 mm to
4 mm, 0.4 mm to 3 mm, 0.4 mm to 2 mm, 0.4 mmto 1.5 mm,
0.4 mm to 1 mm, 0.4 mm to 0.9 mm, 0.4 mm to 0.8 mm, 0.4
mm to 0.7 mm, 0.4 mm to 0.6 mm, 0.5 mm to 4 mm, 0.5 mm
to 3 mm, 0.5 mm to 2 mm, 0.5 mm to 1.5 mm, 0.5 mm to
1 mm, 0.5 mm to 0.9 mm, 0.5 mm to 0.8 mm, 0.5 mm to 0.7
mm, 0.8 mm to 4 mm, 0.8 mm to 3 mm, 0.8 mm to 2 mm,
0.8 mm to 1.5 mm, 0.8 mm to 1 mm, 1 mm to 2 mm, 1 mm
to 1.5 mm, and all ranges and subranges there between. In
some embodiments, the glass-ceramic article may be sub-
stantially planar and flat. In other embodiments, the glass-
ceramic article may be shaped, for example it may have a
2.5D or 3D shape. In some embodiments, the glass-ceramic
article may have a uniform thickness and in other embodi-
ments, the glass-ceramic article may not have a uniform
thickness.

In some embodiments, the fracture toughness of the
glass-ceramic article is in a range from 1.0 MPavm to 2.0
MPavm, MPavm to 2.0 MPavm, MPavm to 2.0
MPavm, MPavm to 2.0 MPavm, MPavm to
MPavm, MPavm to 2.0 MPavm, MPavm to
MPavm, MPavm to 1.9 MPavm, MPavm to
MPavm, MPavm to 1.9 MPavm, MPavm to
MPavm, MPavm to 1.9 MPavm, MPavm to
MPavm, MPavm to 1.8 MPavm, MPavm to
MPavm, MPavm to 1.8 MPavm, 1.4 MPavm to 1.8
MPavm, MPavm to 1.8 MPavm, and all ranges and
subranges there between. In some embodiments, the fracture
toughness of the glass-ceramic article is greater than or
equal to 1.0 MPavm, 1.1 MPavm, 1.2 MPavm, 1.3 MPavm,
1.4 MPavm, 1.5 MPavm, 1.6 MPavm, 1.7 MPavm, 1.8
MPavm, or 1.9 MPavm.

In some embodiments, the Young’s modulus of the glass-
ceramic article is in a range from 95 GPato 110 GPa, 95 GPa
to 105 GPa, 95 GPa to 100 GPa, 100 GPa to 110 GPa, 100
GPa to 105 GPa, 105 GPa to 110 GPa and all ranges and
subranges there between. In some embodiments, the
Young’s modulus of the glass-ceramic article is greater than
or equal to 95 GPa, 96 GPa, 97 GPa, 98 GPa, 99 GPa, 100
GPa, 101 GPa, 102 GPa, 103 GPa, 104 GPa, 105 GPa, 106
GPa, 107 GPa, 108 GPa, or 109 GPa.

In some embodiments, upon application of the Fragment
Test (based on a 50 mm by 50 mm by 0.8 mm sample)
described above, the glass-ceramic article breaks into less
than 5 fragments, less than 4 fragments, or less than 3
fragments.

In some embodiments, the glass-ceramic article is capable
of being chemically strengthened using one or more ion
exchange techniques. In these embodiments, ion exchange
can occur by subjecting one or more surfaces of such
glass-ceramic article to one or more ion exchange mediums
(for example molten salt baths), having a specific compo-
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sition and temperature, for a specified time period to impart
to the one or more surfaces with compressive stress layer(s).
In some embodiments, the ion exchange medium is a molten
bath containing an ion (for example an alkali metal ion) that
is larger than an ion (for example an alkali metal ion) present
in the glass-ceramic article wherein the larger ion from the
molten bath is exchanged with the smaller ion in the
glass-ceramic article to impart a compressive stress in the
glass-ceramic article, and thereby increases the strength of
the glass-ceramic article.

In some embodiments, a one step ion exchange process
can be used and in other embodiments, a multi step ion
exchange process can be used. In some embodiments, for
both one step and multi step ion exchange processes the ion
exchange mediums (for example, molten baths) can include
100 wt % of a sodium-containing salt (for example, NaNO,)
or can include a mixed salt bath, for example a combination
of a sodium-containing salt (for example, NaNO,) and a
potassium-containing salt (for example KNO;). In some
embodiments, when the molten salt bath contains a sodium-
containing salt (for example, NaNO,) in a range from 3 wt
% to 100 wt %, 3 wt % to 95 wt %, 3 wt % to 90 wt %, 3
wt % to 85 wt %, 3 wt % to 80 wt %, 3 wt % to 75 wt %,
5wt % to 100 wt %, 5 wt % to 95 wt %, 5 wt % to 90 wt
%, 5 wt % to 85 wt %, 5 wt % to 80 wt %, 5 wt % to 75 wt
%, 10 wt % to 100 wt %, 10 wt % to 95 wt %, 10 wt % to
90 wt %, 10 wt % to 85 wt %, 10 wt % to 80 wt %, 10 wt
% to 75 wt %, 20 wt % to 100 wt %, 20 wt % to 95 wt %,
20 wt % to 90 wt %, 20 wt % to 85 wt %, 20 wt % to 80 wt
%, 20 wt % to 75 wt %, 30 wt % to 100 wt %, 30 wt % to
95 wt %, 30 wt % to 90 wt %, 30 wt % to 85 wt %, 30 wt
% to 80 wt %, 30 wt % to 75 wt %, and all ranges and
subranges there between. In some embodiments, other
sodium and potassium salts may be used in the ion exchange
solution, such as, for example sodium or potassium nitrites,
phosphates, or sulfates.

After an ion exchange process is performed, it should be
understood that a composition at the surface of the glass-
ceramic may be different than the composition of the as-
formed glass-ceramic (i.e., the glass-ceramic before it under-
goes an ion exchange process). This results from one type of
alkali metal ion in the as-formed glass-ceramic, such as, for
example Li* or Na*, being replaced with larger alkali metal
ions, such as, for example Na* or K*, respectively. However,
the composition of the glass-ceramic at or near the center of
the depth of the glass-ceramic article will, in embodiments,
still have the composition of the as-formed glass-ceramic.

In embodiments, the warp of the glass ceramic article may
be measured as a function of the diagonal measurement of
a glass ceramic article for which warp is to be determined.
The diagonal is measured on a surface of the glass ceramic
article having the greatest surface area. For example, if a
glass ceramic article has an essentially rectangular shape
(e.g., rectangular with rounded corners or the like), the
diagonal referred to in the warp measurement will be
measured as a diagonal of the essentially rectangular sur-
face. As another example, if the glass article has a circular
surface, the diagonal is the diameter of the circle. As a
further example, if the glass article has an oval-shaped
surface, the diagonal is the longest straight line that can be
drawn from one point on the circumference of the oval-
shaped surface to another point on the oval-shaped surface.
Accordingly, in embodiments using the ceramming cycles,
glass precursor compositions, setter configurations, and
stack configurations disclosed and described herein, the
glass ceramic articles formed may have a warp that meets
the following:

Warp (um)<(3.65x10~%/umxdiagonal?).

10

20

25

40

45

50

68

It should be understood that the units for the warp value will
be based on the units in which the diagonal is measured,
such as pm.

Coinciding with the above measurement of warp based on
the diagonal of the glass ceramic article, in embodiments, by
using the ceramming cycles, glass precursor compositions,
setter configurations, and stack configurations disclosed and
described herein, the glass ceramic articles formed may have
a warp measured on 156 mmx76 mm sheets of less than 110
um, such as less than 105 pum, less than 100 pm, less than 95
um, less than 90 um, less than 85 pm, less than 80 pm, less
than 75 pm, less than 70 um, less than 65 pm, less than 60
um, less than 55 pm, or less than 50 pm. In embodiments, the
glass ceramic articles formed may have a warp on 156
mmx76 mm sheets from 45 pm to 100 um, such as from 50
pm to 100 um, from 55 um to 100 um, from 60 um to 100
pum, from 65 um to 100 um, from 70 pm to 100 pm, from 75
pm to 100 um, from 80 um to 100 um, from 85 um to 100
pm, from 50 pm to 90 pum, or from 95 pm to 100 pm. In
embodiments, the glass ceramic articles formed may have a
warp on 156 mmx76 mm sheets from 45 pm to 95 pum, such
as from 45 pm to 90 um, from 45 um to 85 um, from 45 um
to 80 um, from 45 pm to 75 um, from 45 um to 70 pm, from
45 pm to 65 um, from 45 pm to 60 pm, from 45 um to 55
pm, or from 45 um to 50 pm.

In embodiments, by using the ceramming cycles, glass
precursor compositions, setter configurations, and stack con-
figurations disclosed and described herein, the glass ceramic
articles formed may have stress of less than 30 nm of
retardation per mm of sheet thickness, such as less than 28
nm of retardation per mm of sheet thickness, less than 26 nm
of retardation per mm of sheet thickness, less than 25 nm of
retardation per mm of sheet thickness, less than 24 nm of
retardation per mm of sheet thickness, less than 22 nm of
retardation per mm of sheet thickness, less than 20 nm of
retardation per mm of sheet thickness, less than 18 nm of
retardation per mm of sheet thickness, less than 16 nm of
retardation per mm of sheet thickness, or less than 15 nm of
retardation per mm of sheet thickness. In embodiments, the
glass ceramic articles formed may have a stress from 15 nm
to 30 nm of retardation per mm of sheet thickness, such as
from 18 nm to 30 nm of retardation per mm of sheet
thickness, from 20 nm to 30 nm of retardation per mm of
sheet thickness, from 22 nm to 30 nm of retardation per mm
of sheet thickness, from 24 nm to 30 nm of retardation per
mm of sheet thickness, or from 28 nm to 30 nm of retarda-
tion per mm of sheet thickness. In embodiments, the glass
ceramic articles formed may have a stress from 15 nm to 25
nm of retardation per mm of sheet thickness, from 18 nm to
25 nm of retardation per mm of sheet thickness, from 20 nm
to 25 nm of retardation per mm of sheet thickness, or from
22 nm to 25 nm of retardation per mm of sheet thickness.

In embodiments, by using the ceramming cycles, glass
precursor compositions, setter configurations, and stack con-
figurations disclosed and described herein, the glass ceramic
articles formed may have a haze that meets the following
equation:

haze (%)<0.09947+0.12.

In the above equation, t is the thickness (mm) of the glass
ceramic article.

The equation above was determined experimentally as
shown in FIG. 89. According to embodiments, by using the
ceramming cycles, glass precursor compositions, setter con-
figurations, and stack configurations disclosed and described
herein, the glass ceramic articles formed may have a haze of
less than 0.30 at 0.8 mm thickness, such as less than 0.28 at



US 11,649,187 B2

69

0.8 mm thickness, less than 0.26 at 0.8 mm thickness, less
than 0.24 at 0.8 mm thickness, less than 0.22 at 0.8 mm
thickness, less than 0.20 at 0.8 mm thickness, less than 0.18
at 0.8 mm thickness, less than 0.16 at 0.8 mm thickness, less
than 0.14 at 0.8 mm thickness, less than 0.12 at 0.8 mm
thickness, or less than 0.10 at 0.8 mm thickness. In embodi-
ments, glass ceramic articles formed may have a haze from
0.10 to 0.28 at 0.8 mm thickness, such as from 0.10 to 0.26
at 0.8 mm thickness, from 0.10 to 0.24 at 0.8 mm thickness,
from 0.10 to 0.22 at 0.8 mm thickness, from 0.10 to 0.20 at
0.8 mm thickness, from 0.10 to 0.18 at 0.8 mm thickness,
from 0.10 to 0.16 at 0.8 mm thickness, from 0.10 to 0.14 at
0.8 mm thickness, or from 0.10 to 0.12 at 0.8 mm thickness.
In embodiments, glass ceramic articles formed may have a
haze from 0.10 to 0.20 at 0.8 mm thickness. The haze of
glass ceramic articles is measured on the glass ceramic
article itself without coatings or other alterations.

In embodiments, by using the ceramming cycles, glass
precursor compositions, setter configurations, and stack con-
figurations disclosed and described herein, the glass ceramic
articles formed may have a haze that meets the following
equation:

transmission (%)>0.91x10@=0-039,

In the above equation, t is the thickness (in mm) of the glass
ceramic article.

According to embodiments, by using the ceramming
cycles, glass precursor compositions, setter configurations,
and stack configurations disclosed and described herein, the
glass ceramic articles formed may have an optical transmis-
sion of electromagnetic radiation wavelengths from 450 nm
to 800 nm measured at a thickness of 0.8 mm of greater than
85%, greater than 88%, greater than 90%, greater than 93%,
greater than 95%, or greater than 98%. In embodiments,
glass ceramic articles formed may have an optical transmis-
sion of electromagnetic radiation wavelengths from 450 nm
to 800 nm measured at a thickness of 0.8 mm of from greater
than 75% to 95%, such as from greater than 75% to 93%,
from greater than 75% to 90%, from greater than 75% to
88%, from greater than 75% to 85%, from greater than 75%
to 83%, from greater than 75% to 80%, or from greater than
75% to 78%. As discussed previously herein, the transmis-
sion of glass ceramic articles is measured on the glass
ceramic article itself without coatings or other alterations. In
addition, the transmission percentage disclosed herein is the
percent of transmission of electromagnetic radiation at each
wavelength of electromagnetic radiation within the range of
450 nm to 800 nm.

In embodiments, by using the ceramming cycles, glass
precursor compositions, setter configurations, and stack con-
figurations disclosed and described herein, the glass ceramic
articles formed may have a hardness measured by a Vickers
indenter at a 200 gram load of greater than 680 kgf, such as
greater than 685 kgf, greater than 690 kgf, greater than 695
kgf, greater than 700 kgf, greater than 705 kgf, greater than
710 kgf, greater than 715 kgf, greater than 720 kgf, greater
than 725 kgf, greater than 730 kgf, greater than 735 kgf,
greater than 740 kgf, greater than 745 kgf, or greater than
750 kgf. In embodiments, the glass ceramic articles formed
may have a hardness measured by a Vickers indenter at a 200
gram load of from greater than 680 kgt to 750 kgf, such as
from 685 kgf to 750 kgf, from 690 kgt to 750 kgf, from 695
kgfto 750 kgf, from 700 kgfto 750 kgf, from 705 kgf'to 750
kegf, from 710 kgf to 750 kgf, from 715 kgfto 750 kgf, from
720 kgf to 750 kgf, from 720 kgt to 750 kgf, from 725 kgf
to 750 kgf, from 730 kgfto 750 kgf, from 735 kgt'to 750 kgf,
from 740 kgf to 750 kegf, or from 745 kgf to 750 kgf.
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End Products

The glass-ceramic articles disclosed herein may be incor-
porated into another article such as an article with a display
(or display articles) (e.g., consumer electronics, including
mobile phones, tablets, computers, navigation systems,
wearable devices (e.g., watches) and the like), architectural
articles, transportation articles (e.g., automotive, trains, air-
craft, sea craft, etc. for example for use an interior display
cover, a window, or windshield), appliance articles, or any
article that requires some transparency, scratch-resistance,
abrasion resistance or a combination thereof. An exemplary
article incorporating any of the strengthened glass-ceramic
articles disclosed herein is shown in FIGS. 57A and 57B.
Specifically, FIGS. 57A and 27B show a consumer elec-
tronic device 200 including a housing 202 having front 204,
back 206, and side surfaces 208; electrical components (not
shown) that are at least partially inside or entirely within the
housing and including at least a controller, a memory, and a
display 210 at or adjacent to the front surface of the housing;
and a cover substrate 212 at or over the front surface of the
housing such that it is over the display. In some embodi-
ments, at least one of the cover substrate 212 or a portion of
housing 202 may include any of the glass-ceramic strength-
ened articles disclosed herein.

Accordingly, various embodiments described herein may
be employed to produce glass ceramic articles having excel-
lent optical quality and reduced warp while not adversely
impacting, or even improving, stress in the glass ceramic
articles as compared to glass articles cerammed according to
conventional techniques. Such glass ceramic articles may be
particularly well-suited for use in portable electronic devices
due to their strength performance and high transmission
values.

EXAMPLES

Various embodiments will be further clarified by the
following examples.

Example 1

Precursor glass samples having a thickness of 0.8 mm
were formed having a composition of composition 3 listed
in Table 3 above. The samples were heated from room
temperature to approximately 560° C. at a heating rate of 5°
C./min and held for 4 hours. Then the samples were heated
to 730° C. at a heating rate of 5° C./min and held for 1 hour
and a glass-ceramic article was formed. The glass-ceramic
samples were then ion exchanged in a molten salt bath
containing 95 wt % NaNO; and 5 wt % KNO; at 470° C. A
first sample was ion exchanged for 2 hours, a second sample
was ion exchanged for 4 hours, a third sample was ion
exchanged for 7 hours, a fourth sample was ion exchanged
for 16 hours, and a fifth sample was ion exchanged from 24
hours. The stress profiles for each of the samples is shown
in FIG. 58 with the CT being shown a positive stress and the
CS being shown as negative stress. The sample ion
exchanged for 16 hours had a max CT about 135 MPa, a
stored tensile stress of about 37 J/m* and broke into 2
fragments when subjected to the Fragment Test.

Example 2

Precursor glass samples having a thickness of 0.8 mm
were formed having a composition of composition 3 listed
in Table 3 and comparative composition 1 listed in Table 6
below.
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TABLE 6

Comparative

Composition
Composition 1
SiO, (mol %) 70.30
ALOj; (mol %) 4.23
B,O; (mol %) 0
Li,O (mol %) 21.36
Na,O (mol %) 1.51
K,0 (mol %) 0
P,05 (mol %) 0.87
ZrO, (mol %) 1.66
Li,O/R,0 0.93

The glass samples were then heated from room tempera-
ture to approximately 560° C. at a heating rate of 5° C./min
and held for 4 hours. Then the samples were heated to 730°
C. at a heating rate of 5° C./min and held for 1 hour and a
glass-ceramic article was formed. The glass-ceramic
samples were then ion exchanged in a molten salt bath
containing 95 wt % NaNO; and 5 wt % KNO; at 470° C. A
first set samples was ion exchanged for 2 hours, a second set
of samples was ion exchanged for 4 hours, a third set of
samples was ion exchanged for 7 hours, a fourth set of
samples was ion exchanged for 16 hours, and a fifth sample
(for composition 3 only) was ion exchanged from 24 hours.
FIG. 59 is a plot showing the maximum CT of each sample
on the y axis vs the ion exchange time on the x axis. The
glass-ceramic articles made from composition 3 achieved a
maximum CT of approximately 135 MPa, whereas the
glass-ceramic articles made from comparative composition
1 did not achieve the desired maximum CT of greater than
90 MPa (it reached about 70 MPa). Without being bound by
theory, it is believed that the higher mol % of ZrO, in
composition 3 allowed the glass-ceramic made from com-
position 3 to achieve a higher CT. Without being bound by

10

30

72

theory, it is believed that a ZrO, concentration of 1.7 mol %
or greater results in an ion-exchanged glass-ceramic article
with a maximum CT of greater than 90 MPa and a stored
tensile energy of greater than 22 J/m>.

Example 3

Precursor glass samples having a thickness of 0.8 mm
were formed having a composition of composition 1 listed
in Table 3 above. The samples were heated from room
temperature to approximately 570° C. at a heating rate of 5°
C./min and held for 4 hours. Then the samples were heated
to 740° C. at a heating rate of 5° C./min and held for 1 hour
and a glass-ceramic article was formed. The glass-ceramic
article was cooled to room temperature at a cooling rate of
5° C./min. The phase assemblage of the glass-ceramic article
was about 12+4/-2 wt % residual glass; 44+/-2 wt % petalite
crystalline phase, and 44+/-2 wt % lithium disilicate crys-
talline phase. The sum of all other crystalline phases (e.g.,
other than petalite and lithium disilicate) was less than 1 wt
%. FIG. 60 is the X-ray diffraction (XRD) results with the
Reitveld analysis for the phase assemblage. The glass-
ceramic had a 90% transmission in the visible wavelengths
as shown in FIG. 61.

Example 4

Precursor glass samples having a thickness of 0.8 were
formed having a composition of composition 1 listed in
Table 3 above. The samples were subjected to the heat
treatment cycle shown in Table 7 below along with the phase
assemblage and haze. As can be seen the heat treatment
cycle affects the phase assemblage and the haze. In particu-
lar, the haze is below 0.2 when the wt % of the crystalline
phases other than lithium disilicate and petalite is less than
1 wt % of the glass-ceramic article.

TABLE 7
Residual Lithium
Nucl. Nucl. Crystal’n Crystal’'n  Glass Lithium Meta- Cristo-
temp  Time temp Time phase Disilicate Petalite silicate Virgilite balite

Sample (° C.) (hours) (°C.) (hours) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) Haze
1 570 4 725 1.5 13 43 44 0.14
2 570 4 730 1 14 43 43 0.16
3 580 4 730 1 13 43 44 0.16
4 580 3 730 1 14 43 43 0.16
5 585 2.75 740 1 13 44 43 0.13
6 585 2.75 740 1 13 44 43 0.14
7 585 2.75 740 1 13 44 43 0.14
8 585 2.75 740 1 12 44 44 0.14
9 585 2.75 740 1 12 44 44 0.14
10 585 2.75 740 2 13 44 44 0.14
11 585 2.75 740 1 14 43 44 0.14
12 585 2.75 740 1 12 44 43 0.15
13 585 2.75 740 1 13 45 42 0.16
14 585 2.75 740 1 12 45 43 0.16
15 580 2 740 1 12 44 44 0.17
16 580 2 750 1 13 43 44 0.20
17 580 3 755 0.5 13 44 42 0.13
18 600 2 755 0.25 13 44 43 <1 0.14
19 570 4 755 1.5 13 45 42 — — — 0.16
20 570 4 755 0.5 12 44 44 0.16
21 600 2 755 0.75 13 43 44 <1 0.16
22 600 1.5 755 0.5 13 43 45 — 0.17

23 600 1.5 755 1.5 13 42 44 <1 0.2
24 600 1 765 0.25 13 42 45 trace 0.17
25 600 2 765 0.5 13 43 45 <1 0.18
26 590 1 765 0.25 13 42 45 trace 0.19
27 605 2 770 0.5 12 43 44 <1 0.15
28 600 2 770 0.25 12 42 45 <1 0.17
29 610 1 770 0.01 13 43 44 0.18
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TABLE 7-continued
Residual Lithium
Nucl. Nucl. Crystal’n Crystal’'n  Glass Lithium Meta- Cristo-
temp  Time temp Time phase Disilicate Petalite silicate Virgilite balite
Sample (° C.) (hours) (°C.) (hours) (wt%) (wt%) (wt%) (wt%) (wt%) (wt%) Haze
30 605 2 770 0.01 12 4 4 <1 0.18
31 600 1 770 0.25 13 43 4 trace 0.18
32 600 2 775 0.25 13 43 4 1 0.2
33 610 1 780 0.01 12 ) 45 <1 0.20
34 590 2 730 1 14 41 45 0.19
35 580 2 730 1 11 41 46 2 — 019
36 600 4 755 0.5 13 45 41 1 0.18
37 600 25 770 0.25 13 43 43 1 0.18
38 585 275 770 1 13 43 43 <1 0.22
39 590 1 770 0.25 13 4 43 <1 0.23
40 600 2 775 0.75 13 ) 43 2 0.28
41 605 2 780 0.5 13 41 ) 3 0.38
42 585 275 710 1 14 36 46 3 0.37
43 600 4 725 1.5 15 39 45 2 — — 02
4 600 15 725 1.5 13 39 46 2 0.23
45 570 4 725 0.5 14 45 ) 4 0.23
46 600 4 725 0.5 16 35 45 4 — 024
47 600 15 725 0.5 12 40 ) 3 3028
48 570 15 725 1.5 15 36 45 4 0.37
49 570 15 725 0.5 18 26 46 8 — 2 153
50 560 4 730 1 12 39 46 3 0.29
51 585 525 740 1 13 43 4 4 0.23
52 585 275 740 0.01 11 38 46 3 <1 024
53 615 275 740 1 15 37 45 2 1 trace  0.27
54 555 275 740 1 17 32 46 5 <1 trace  0.70
55 585 025 740 1 16 28 47 5 <1 4 229
56 570 15 755 0.5 13 43 43 — 1 — 021
57 600 4 755 1.5 13 ) 43 — 1 — 025
58 570 15 755 1.5 14 41 4 — 1 — 038
59 600 2min 755 0.5min 22 15 48 10 6 745
Example 5 TABLE 9
. . 35 . .
Precursor glass samples having a thickness of 0.8 were Residual Lithium
formed having a composition of composition 1 listed in Glass  Lithium Meta- Cristo-
Table 3 above. The samples were subjected to the heat phase Disilicate Petalite silicate  Virgilite  balite
treatment cycle shown in Table 8 below and the phase Sample (Wt %)  (WL%)  (wt%) (Wt%) (WL%) (Wt%)
assemblage is shown in Table 9 below. The heat treatment 4,
o : 1 12 44 4 — — —
cycle in this example differs from the heat treatment cycles
of Example 4 in that there is a 3-step heat cycle instead of 2 13 a3 a4 - - -
. 3 14 42 43 — — —
a 2-step heat cycle. In particular, the samples are held at an
intermediate temperature, wherein the intermediate tem- 4 13 a4 a3 - - -
perature is greater than the nucleation temperature and less 45 3 13 a4 a3 - - -
o . 6 13 44 43 — — —
than the crystallization temperature. This example demon-
strates that the desired phase assemblage—where the wt % 7 12 46 A - - -
of the crystalline phases other than lithium disilicate and
petalite is less than 1 wt % of the glass-ceramic article—can
be achieved with 3-step heat treatment cycle instead of a 30
2-step heat treatment cycle. Example 6

TABLE 8
Inter-
Nucle- mediate Inter- Crystal-
ation  Nucle- step mediate lization ~ Crystal-
temper-  ation  temper- step temper-  lization
ature time ature time ature time
Sample (° C.) (hours) (°C.) (hours) °C) (hours)
1 570 3 680 0.5 740 0.5
2 570 3 680 1 740 1
3 570 4 680 1 740 0.01
4 570 4 680 0.5 740 0.5
5 570 4 680 1 740 1
6 570 4 650 1 740 1
7 570 4 670 0.5 740 1

55

60

65

Precursor glass samples having a thickness of 0.8 were
formed having a composition of composition 1 listed in
Table 3 above. The samples were subjected to the heat
treatment cycle shown in Table 10 below and the phase
assemblage is shown in Table 11 below. The heat treatment
cycle in this example differs from the heat treatment cycles
of Example 4 in that the sample is not held at the nucleation
temperature, but rather is heated to various temperatures at
varying heating rates until the crystallization temperature is
reached. This example demonstrates that the desired phase
assemblage—where the wt % of the crystalline phases other
than lithium disilicate and petalite is less than 1 wt % of the
glass-ceramic article—can be achieved with this alternative
heat treatment cycle.
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TABLE 10 TABLE 12
Cycle A Cycle B Composition A (wt %) Composition B (wt %)
Cycle A Heating Cycle B Heating -
Step Temperature Rate (deg Temperature Rate (deg Si0, 74.21 74.41
# change ° C./min) change ° C./min) 5 ALO; 7.53 7.56
P,O; 2.12 2.1
1 Room Temp to 5 Room 5 Na,O 0.06 0.05
560° C. Temperature K,0 0.12 0.123
to 555° C. Li,0 11.30 11.2
2 560°C.to590°C. 025  555°C.to 580° C. 0.2 710, 422 431
3 590°C.to 600°C. 055  580° C.to 590° C. 0.3 10 Fe,05 0.06 0.059
4 600° C. to 610° C. 1 590° C. to 610° C. 0.6 S$no, 0.40 0.02
5 610° C. to 620° C. 1.25 610° C. to 620° C. 1
6 620° C. to 640° C. 1.65 620° C. to 630° C. 1.5
7 640° C. to 740° C. 3 630° C. to 740° C. 3 The flatness for the sheets produced was measured on part
8 ISOthefror?all ;2;40 C. Isomegl:il ;2;40 C size using a EMD gauge. The sheets of glass-ceramic after
: : 15 ceramming are cut into 12 parts of dimensions 156x76 mm
(thickness dependent on the initial thickness of the sheet
cerammed) following the pattern depicted in FIG. 63. The
TABLE 11 part size flatness (PSF) measured on parts 1, 3, 5, 10 and 12
i i for sheets at different positions in the stacks (from bottom to
Réslliial Lithinm P&t:tlf_e cristo. 20 top of the stack), are presented in FIG. 64 and FIG. 65.
phase Disilicate  silicate  Lithium  Virgilite balite Samples taken f.rom the different IOC.aUOIlS deplcted n
Cycle  (wt %) (wt %) (Wt %)  (Wt%)  (WE%) (Wt %) FIG. 63 were polished to 0.8 mm thickness. The haze
N 5 " = measured on the parts, using a haze meter (BYK Gardner
B b 45 a4 - - - Haze-Gard 1) was below 0.2 for all the parts at the different
25 Jocations in the stack, as shown in FIG. 66.
Samples were also taken from these different locations in
the stack, ground into a powder and measured by X-Ray
Example 7

Glass-ceramic sheets were produced by stacking sheets of
glass on top of each other before heat-treating them with a
“ceramming cycle” leading to the formation of a glass-
ceramic comprising at least two major crystalline phases,
petalite and lithium disilicate, with possible minor crystal-
line phases, and a residual glass phase. The glass-ceramic
sheets were produced using a process in which the sheets of
glass are stacked in between flat setters, in a stack compris-
ing a bottom setter, glass sheets on top of each other, and a
top setter as disclosed and described herein. The stack may
also comprise one or several interlayers (i.e., additional
setters placed in between the sheets of glass as described
herein). To avoid sticking between the sheets of glass during
the heat treatment process and allow for low stress and low
warp after ceramming, the glass sheets are coated with a
parting agent as disclosed herein before being stacked. The
thermal treatment parameters (time and temperatures of the
different steps involved during the ceramming), as well as
thermal homogeneity throughout the stacks during the cer-
amming are also critical for the production of sheets with
low warp and low stress, and with the desired combination
of optical and mechanical attributes.

The combination of attributes for the glass-ceramics
described herein is shown for sheets of the composition
shown in Table 12 below, cerammed in a stack of 10-sheets
high with the cycle “COR” (570 C/4 h+740 C/1 h described
above). The stacking configuration comprises a bottom
setter, 10 sheets, and a top setter. For the presentation of
these results, sheets are numbered from bottom (sheet 1) to
top (sheet 10). In this example, the ceramming was done by
placing 3 stacks of glass on a carrier that was sent through
a lehr set to follow the ceramming cycle “COR” discussed
above. Initial glass sheets dimensions pre-ceramming are
640x250x1.11 mm. Samples were taken from different
locations from the stack, as depicted in FIG. 62, and
measured for flatness (warp), haze, phase assemblage by
XRD and hardness.

45

Diffraction (XRD). A Rietveld method was applied to quan-
tify the crystalline phase assemblage. Throughout the stacks,
the glass-ceramics comprise between 10 wt % and 20 wt %
of residual glass phase (FIG. 67), above 39 wt % of lithium
disilicate (FIG. 68) and petalite (FIG. 69), and less than 3 wt
% of any other crystalline phase as described above. A XRD
diffraction pattern for the glass-ceramic described in this
example is given in FIG. 70.

Samples taken from the locations depicted in FIG. 62 and
polished to 0.8 mm thickness were ion-exchanged and the
compressive stress (CS), central tension (CT), and depth of
compressive layer (DOC) were measured (Orihara SLP
2000 operating at 405 nm). The results are shown in FIGS.
71-73 respectively, and show CS above 270 MPa, CT above
90 MPa and DOC above 130 pm.

The Vickers hardness measured on 0.8 mm thickness
ion-exchanged samples (Vickers indenter, 200 gr load) for
samples taken from different locations in the stacks cer-
ammed with COR cycle is above 700 kgf for all the samples,
as shown in FIG. 74

The stress by birefringence, expressed as nm of retar-
dance, was measured in the full sheets cerammed in stack
using a GFP optical gauge. Results for the maximum and
average stress measured on 450 sheets of 1.1 mm thickness
are presented in FIG. 75, with a max stress value typically
<25 nm at that thickness.

The fracture toughness (Critical Stress Intensity, KIC)
measured via Chevron Notched Short Bar (CNSB) (MTS
Sintech 2/G machine with loadcell: 50 1b) on glass-ceramic
samples prepared from composition a and cerammed with
the “COR” cycle in a box furnace is on average 1.14
MPa*m'/?, as shown in Table 13

TABLE 13
Specimen KIC_1304
# Mpa m™(1/2)
1 1.129
2 1.146
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TABLE 13-continued

Specimen KIC_ 1304

# Mpa m"(1/2)

3 1.130

4 1.147

6 1.157

8 1.149

9 1.129

Mean 1.141

Std. Dev. 0.011
% COV 0.99

In another example, samples were taken from different
locations from stacks of sheets of composition a cerammed
with the ceramming cycle SC20 (see FIG. 76) with an
interlayer configuration disclosed above. Samples polished
to 0.8 mm thickness were measured for haze (FIG. 77) using
a BYK Gardner Haze-guard), showing haze <0.2 for all the
samples. Powdered samples were measured for XRD with
Rietveld method, to quantify the residual glass phase (FIG.
78), lithium disilicate (FIG. 79), and petalite (FIG. 80) in the
glass-ceramic sheets produced. The hardness measured on
samples polished to 0.8 mm thickness, before ion-exchange
and for different ceramming cycles is shown in FIG. 81. The
hardness on ion-exchanged samples taken from different
sheets, and different locations within sheets in the stacks of
glass-ceramic sheets cerammed with different ceramming
cycles, are presented in FIG. 82 and FIG. 83, and all present
Vickers hardness values >700 kgt (Vickers indenter, 200 gr
load). All these glass-ceramics produced in a stacking con-
figuration present the combination of attributes described in
this disclosure.

In addition to all the attributes described above, the
glass-ceramics produced show a high optical transparency,
characterized by an optical transmission >85% in the 450-
800 nm range (see FIG. 84).

The part size flatness, haze (at 2.3 mm thickness), and
stress by birefringence measured on glass-ceramic sheets
produced from glass sheets of 2.55 mm thickness stacked in
stacks of 4-sheets high with the COR cycle are presented in
FIG. 85-87, respectively.

The haze in those glass-ceramics is dependent on the
thickness of the sample measured, and haze % increases
with the thickness of the sample, as illustrated in FIG. 88,
showing haze values for samples taken from sheets of 1.82
mm thickness cerammed in stacks with an interlayer 8+6
configuration (bottom setter/8 sheets/interlayer setter/6
sheets/top setter) with SC32 cycle (see FIG. 76). The
samples were first prepared at 1.5 mm thickness, measured
for haze, then thinned down to 0.8 mm thickness and
re-measured for haze. It can clearly be seen that haze
becomes lower when measured on thinner samples. The
haze for the glass-ceramics described in this invention is
lower than the trend curve presented in FIG. 89, which
shows the evolution of haze with thickness for these material
(thickness corresponding here to the thickness of polished
samples used to measure the haze). The haze measured at
different thicknesses for different ceramming cycles is
shown in FIG. 90.

Note that other properties measured on the glass-ceramics
produced according to the present disclosure are also thick-
ness-dependent. Notably the stress by birefringence is pro-
portional to thickness of the samples measured. In the case
of the present invention, this stress remain below 25 nm of
retardance per mm of thickness of the sheets measured.
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As further example, the part size flatness data for samples
cerammed by stacking sheets of 1.11 mm thick in a stacking
configuration 12+12 (bottom setter/12 sheets/interlayer set-
ter/12 sheets/top setter) with cycle SC32 is shown in FIG.
76. Flatness remains below 100 pm (=0.1 mm) as shown in
FIG. 91. The haze on 0.8 mm thick polished samples remain
<0.2 at different locations in stacks (FIGS. 92A-92C), and
the phase assemblage remains with a residual glass phase
between 10 wt % and 20 wt %, >39 wt % of each of the
Phase 1 and Phase 2 (lithium disilicate and petalite, respec-
tively), and <3 wt % of any other phase, as measured by
XRD (FIG. 93). Hardness data for samples cerammed with
this cycle are shown in FIGS. 81-83.

Other examples of XRD Rietveld results for different
ceram cycles and glass composition variants with and with-
out tin (composition a and b) are presented in FIG. 94. In all
these cases, the petalite and lithium disilicate phases amount
to >39 wt %, with the other crystalline phases being <3 wt
%, the residual glass phase representing 10 to 20 wt %
(measured on powdered samples).

Raman spectroscopy was also used to characterize the
phase assemblage in the glass-ceramics obtained. An
example of spectra measured on glass-ceramics produced
with different ceramming cycles and showing the character-
istic peaks for the crystalline phases petalite, lithium disili-
cate (L.S2), lithium silicate (LS) and lithium phosphate
(LizPO,) is shown in FIG. 95. The lithium phosphate phase
is not detected by XRD method on these glass-ceramics, but
is revealed by Raman. The Raman spectra can be used to
quantify the different phases in the glass-ceramics prepared,
using the peak height for the peaks characteristic of the
crystalline phases obtained and their ratio. An example of a
peak height measurement in shown in FIG. 96. The glass-
ceramics prepared with the ceramming cycles shown in FIG.
97 have Raman peak height ratio for petalite to lithium
phosphate between 1.1-1.3, and Raman peak height ratio of
lithium disilicate to lithium phosphate between 1-1.2 (see
FIG. 97).

The mechanical performance of the glass-ceramics
described in this disclosure, are presented in FIGS. 98-100.
The applied facture stress as determined by 4-point after
damage introduction using surface impact equipment at
1000 grit, 180 grit and 80 grit, showed improved perfor-
mance of these glass ceramics compared to comparative
glass at a thickness of 0.75 mm (FIG. 98). The incremental
flat face drop on 180 and 80 grit, FIG. 99, shows that the
performance of these glass-ceramics at 0.6 mm and 0.65 mm
thickness exceeds that of comparative examples perfor-
mance at 0.75 mm on both 180 grit and 80 grit sandpaper
using Corning ClubMehd drop test puck. The glass-ceramics
produced show >50% improvement in drop performance
using Corning ClubMehd puck compared to comparative
glasses, which for lower thicknesses had higher CT than the
present examples, on 80 grit sandpaper, as shown in FIG.
100.

The ion exchange conditions, stress profile characteristics
and mechanical results comparing Maxwell GC to a glass
with high fracture toughness and CT above 9726, demon-
strating improved drop and slapper performance enabling
thinner cover glass with high strength, are shown in Tables
14 and 15.
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TABLE 14

80

Glass Ceramics According to Embodiment:

80 80 grit
Depth  grit  Slapper
of avg. Applied
Thick- Comp. Centeral Com- drop Fracture
ness KNO; NaNO; LiINO; Temp. Time Stress Tension pression height Stress
(mm) (wt%) (wt%) (wt%) (°C.) (hrs) (MPa) (MPa) (um)  (em) (MPa)
0.5 60 40 0.1 500 5 284 115 104 119
0.6 60 40 0.1 500 6 298 115 137 165 305
0.65 60 40 0.1 500 7 286 113 150 183 303
0.75 60 40 0.1 500 8 303 108 170 162
0.8 60 40 0.1 500 8 342 112 181 215 330
TABLE 15
Glass Ceramics According to Comparative Samples
80 80 grit
Depth  grit  Slapper
of avg. Applied
Thick- Comp. Centeral Com- drop Fracture
ness KNO; NaNO; LiNO; Temp. Time  Stress Tension pression height Stress
(mm) (wt%) (wt%) (wt%) (°C.) (hrs) (MPa) (MPa) (um)  (ecm) (MPa)
0.50 88.8 10 1.2 447 7 621 135 122 56
0.60 88.6 10 14 447 7.33 630 123 140 96
0.75 86.2 11.8 2 450 8.4 607 105 166 121 243
0.80 86.2 11.8 2 450 8.4 603 102 174 135 238
30

It will be apparent to those skilled in the art that various
modifications and variations can be made to the embodi-
ments described herein without departing from the spirit and
scope of the claimed subject matter. Thus it is intended that

6. The glass ceramic article of claim 1, wherein the glass
ceramic article has a stress of less than 25 nm of retardation
per mm of sheet thickness.

7. The glass ceramic article of claim 1, wherein the glass

the specification cover the modifications and variations of 33 ceramic article is a strengthened glass ceramic article and
the various embodiments described herein provided such has a fracture toughness that is greater than or equal to 1.0
modification and variations come within the scope of the MPavm.
appended claims and their equivalents. 8. The glass ceramic article of claim 7, wherein the
0 fracture toughness is less than or equal to 2.0 MPavm.
What is claimed is: 9. The glass ceramic article of claim 1, wherein the glass
1. A glass ceramic article comprising: ceramic article has a hardness that is greater than 700 kgf.
from 20 wt % to 70 wt % petalite; 10. The glass ceramic article of claim 9, wherein the
from 20 wt % to 60 wt % lithium disilicate; and hardness is less than 750 kgf.
from 5 wt % to 50 wt % residual glass, wherein 45 11.The glass ceramic article of claim 1, wherein the glass
the glass ceramic article has a thickness from 0.2 mm to ceramic article is a strengthened glass ceramic article and
1 mm, has a compressive stress that is greater than 190 MPa.
the glass ceramic article has a transmittance of at least 12. The glass ceramic article of claim 11, wherein the
85% of light in a wavelength range from 450 nm to 800 compressive stress is less than 250 MPa.
h nn}, and . icle h b 1 han 0.2 3% 13.The glass ceramic article of claim 1, wherein the glass
t2 fif% assl ceramic article las ? la.ze 01 elsls than h. : | ceramic article is a strengthened glass ceramic article and
- 1he glass ceramic article of claim 1, wherein the glass has a central tension that is greater than or equal to 80 MPa.
ceramic article comprises: . . . .
from 40 wt % to 70 wt % petalite; 14. The glass ceramic article of claim 13, wherein the
from 40 wt % to 60 wt % lithium disilicate; 55 central tension is less than 180 MPa.
less than 3 wt % of other crystalline phases; and 15. The glass ceramic article of claim 1, wherein the glass
from 10 wt % to 20 wt % residual glass. ceramic article is a strengthened glass ceramic having a
3. The glass ceramic article of claim 1, wherein thickness of 0.8 mm and does not fail when dropped on 80
the glass ceramic article comprises lithium phosphate, and grit sandpaper from a height of 215 cm.
at least 80% of phosphate in the glass ceramic article is 60 16. A strengthened glass ceramic article comprising:
present as lithium phgsphate. ) ) a thickness from 0.2 mm to 1 mm;
4. Th.e glass.ceramw a?“de O.f glalm L Wherelp a Raman a transmittance of at least 85% of light in a wavelength
peak height ratio of petalite to lithium phosphate is from 1.1 )
013 range from 450 nm to 800 nm;
5. The glass ceramic article of claim 1, wherein the glass 65 @ haze of less than 0.2;

ceramic article has a warp of less than 110 um measured on
a 156x76 mm sheet.

a fracture toughness that is greater than or equal to 1.0
MPavm;
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a hardness that is greater than 700 kgf;
a compressive stress that is greater than 190 MPa; and
a central tension that is greater than or equal to 80 MPa.
17. The strengthened glass ceramic article of claim 16,
wherein the strengthened glass ceramic article comprises
petalite, lithium disilicate, and a residual glass phase.
18. The strengthened glass ceramic article of claim 17,
wherein the strengthened glass ceramic article comprises:
from 40 wt % to 70 wt % petalite;
from 40 wt % to 60 wt % lithium disilicate;
less than 3 wt % of other crystalline phases; and
from 10 wt % to 20 wt % residual glass.
19. The strengthened glass ceramic article of claim 18,
wherein
the strengthened glass ceramic article comprises lithium
phosphate, and
at least 80% of phosphate in the glass ceramic article is
present as lithium phosphate.
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20. The strengthened glass ceramic article of claim 19,
wherein a Raman peak height ratio of petalite to lithium
phosphate is from 1.1 to 1.3.

21. The strengthened glass ceramic article of claim 16,
wherein the strengthened glass ceramic article has a warp of
less than 110 um measured on a 156x76 mm sheet.

22. The strengthened glass ceramic article of claim 16,
wherein the strengthened glass ceramic article has a stress of
less than 25 nm of retardation per mm of sheet thickness.

23. The strengthened glass ceramic article of claim 16,
wherein the strengthened glass ceramic article has a thick-
ness of 0.8 mm and does not fail when dropped on 80 grit
sandpaper from a height of 215 cm.

24. The strengthened glass ceramic article of claim 16,
wherein

the fracture toughness is less than or equal to 2.0 MPavm,

the hardness is less than 750 kgf,

the compressive stress is less than 250 MPa, and

the central tension is less than or equal to 180 MPa.
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